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 Abstract 
 
The system-based design of steel structure using advanced analysis leads to a more efficient 
structural design process and achieves a more uniform level of structural system reliability 
over the conventional member based design method because of the capability in capturing the 
limit state strength of a real structure and accounting system effects explicitly such as the 
load redistribution subsequent to first yielding. Current specifications such as AISC360-10 
and AS4100 permitted the use of advanced analysis obviating the check of member 
resistances, thus provide a comparable or higher structural reliability. The main impediment 
to adopting this method in practical applications is the apparent difficulty in assigning an 
appropriate resistance factor to structural system especially in three-dimensional frames. 
 
This thesis illustrates the novel framework of the Direct Design Method (DDM) for designing 
structures by analysis without recourse to a structural design standard and proposed a 
methodology for development of suitable system resistance factors for accounting inherent 
uncertainties in ultimate strength of three-dimensional steel frames. New approaches for 
modelling initial geometric imperfections are introduced. The reliability assessment and 
system resistance factors for a series of three-dimensional low-to-mid-rise steel frames, 
which represent the current steel building inventory in Australia are obtained taking into 
account inherent uncertainty in material and geometry by Monte Carlo simulation. Braced 
and unbraced (sway) frames with regular and irregular configurations as well as various 
cross-section types and materials are analysed under various load combinations including 
gravity and gravity plus wind, and the system resistance factors are derived for different 
reliability levels to incorporate the effect of uncertainties on frame performance. Member 
cross-sections are selected to provide different system failure modes such as beam flexural-
torsional buckling, beam/column yielding and spatial sway instability with torsion involve. 
Recommendations are made for the appropriate target reliabilities and associated system 
resistance factors for use in designing three-dimensional steel frames with both cold-formed 
Hollow Steel Section (HSS) and hot-rolled I-section at system level by advanced analysis. 
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Chapter 1-Introduction 
 
Steel structures are designed on a daily basis by structural engineers. The process of steel 
design includes a structural analysis to produce axial force, shear force, and bending moment 
followed by a design check to a structural specification to verify that each member and 
connection has adequate strength. The two-step design approach which reflects the structural 
system effects implicitly through the use of "effective length factors" has prevailed for longer 
than a century. However, the simple effective length factor concept cannot accurately predict 
the complex interactions between members of a large structural system, nor can it capture the 
inelastic load redistributions subsequent to first yielding [1]. The load carrying capacity of a 
structural system with even a modest capacity to redistribute loads can be much larger than 
that determined by the design of individual members. Therefore, there are strong economic 
and limit state for designing steel frames at a system level rather than as an assembly of 
individual components. Moreover, by using advanced analysis, the actual failure (3D) of the 
system becomes apparent, thus it becomes possible to consider the consequences of failure in 
the design process. 
 
Since computing power has caught up with theory, there is no longer a barrier to practical 
application of advanced analysis. Commercial software packages used by structural engineers 
are now increasingly incorporating advanced analysis. There is thus a rapidly growing need 
in the profession for guidance on how to design steel structures by advanced analysis. The 
main impediments for developing such a guideline for system-based design using advanced 
analysis include:  
 
 Current design standards (AISC 360-10 [2], AS4100 [3]) allow in principal, that steel 
structures can be designed by advanced analysis, but the system reliability must be 
considered, albeit without explaining how this is to be achieved 
 
 The requirements for structural engineers to access and define the failure modes of three- 
dimensional steel frames are still unclear.   
 
 There is no formulated guideline for the system-based design of three-dimensional steel 
structures by advanced analysis. 
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1.1 Scope and objective 
The overall aims of this research are to develop the next generation of steel structural codes 
for designing 3D steel frames at a system level by advanced analysis. In particular, this thesis 
 
 Develops and validates the finite-element model used to predict the behavior and system 
strength of 3D hot-rolled I-section and cold-formed Hollow Steel Section (HSS) frames, 
accounting for geometric and material nonlinearities, initial geometric imperfections and 
residual stress. 
 
 Proposes new approaches for incorporating the initial geometric imperfections and 
residual stress in advanced analysis for three-dimensional I-section frames and HSS 
frames. 
 
 Identifies the main parameters which affect the ultimate system strength and performing 
statistical assessment for frames with various configurations, cross-section profiles, 
redundancy, and failure modes, under different load conditions.  
 
 Performs system reliability analysis studies and derives system resistance factors at 
different reliability levels to account for the main uncertainties affecting the reliability of 
a frame. 
 
 Develops design guidelines for the system-based design method of three-dimensional 
steel structures by advanced analysis without resource to a structural standard. 
 
1.2 Thesis outline 
Chapter 2 presents an overview of literatures for the system-based design of steel structures 
using advanced analysis. It covers a review of current steel structural design Specifications 
followed by a description of all the methods of analysis commonly used in advanced analysis. 
Furthermore, a review of all the key uncertainties that influence a frame's ultimate strength 
such as geometric and material nonlinearities, initial geometric imperfections and residual 
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stress is provided. The methods used to develop the reliability-based design codes have been 
reviewed and the target reliability indices obtained from various literatures are summarised. 
 
Chapter 3 provides the 3D advanced analysis models for hot-rolled I-section and cold-formed 
HSS frames using commercial finite-element software ABAQUS. The modelling techniques 
including (1) the selection of element types, (2) the modelling of material properties, (3) the 
modelling of live load reduction, and (4) the modelling of rigid diaphragms are provided in 
this chapter. Furthermore, a mesh convergence study is carried out to find the optimum 
number of elements per beam/column member. The model is calibrated against various three-
dimensional steel frames from the literatures. 
 
Chapter 4 introduces new approaches to model the initial geometric imperfections for I-
section frames and HSS frames. The initial geometric imperfections for I-section steel frames 
are modelled as a combination of scaled elastic buckling modes, while the notional horizontal 
load method is used to model the initial geometric imperfections for HSS frames. The 
statistical data for the initial out-of-plumbness and out-of-straightness are provided and a 
probabilistic study is utilized to examine the accuracy of the proposed approaches. 
 
Chapter 5 summarises the magnitude and distribution of different components of residual 
stress in the longitudinal and transversal directions for cold-formed hollow steel section, and 
the effects of these components of residual stress on frame ultimate strength were 
investigated. Based on the results, a stress-strain curve based on a polynomial function is 
derived to implement into the nominal frame model, and the accuracy of this curve in terms 
of approximating the effect of residual stress is verified through a comprehensive 
probabilistic study of regular and irregular 3D steel frames. 
 
Chapter 6 summarises the statistical data of uncertainties in HSS frames and I-section frames 
sourced from various literatures and data from past experiments and presents a reliability 
framework for determining the system resistance factors for the system-based design method 
of three-dimensional steel frames by advanced analysis. Two methods were proposed to 
establish the relationship between the reliability index and the system resistance factor for 
frames subject to gravity loads only and combined gravity and wind loads. In addition, a 
sensitivity analysis is performed to identify the main uncertainties in material and geometric 
properties which affect the frame ultimate strength. 
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Chapter 7 develops the system resistance factors for a series of 3D unbraced (sway) and 
braced I-section frames including regular and irregular configurations subject to the gravity 
and gravity plus wind load combinations. The serviceability reliability of roof drift under the 
service wind load is also evaluated. Furthermore, the effects of considering (1) live load 
reduction, (2) rigid diaphragms, (3) residual stress, (4) member slenderness and (5) initial 
geometric imperfections on the frame ultimate strength and the associated system resistance 
factors are investigated. Design recommendations are made for system resistance factors 
required for the proposed levels of reliability. 
 
Chapter 8 focuses on deriving the system resistance factors for a wide range of low-to-mid-
rise 3D cold-formed HSS frames subjected to the gravity and gravity plus wind load 
combinations. The effects of live load reduction, longitudinal bending residual stress and 
initial geometric imperfection on the frame ultimate strength and associated system resistance 
factors are examined. In addition, the roof drift serviceability reliability of 3D HSS frames is 
accessed.  
 
Chapter 9 presents six design examples including HSS and I-section steel frames to illustrate 
how the system-based design method by advanced analysis can be used for practical design. 
These case studies cover regular and irregular sway frames subject to the gravity and gravity 
plus wind load combinations, as well as braced frames subject to gravity loads only. In each 
example, the total weight of steel for frames designed by advanced analysis using different 
proposed system resistance factors are compared with those designed by the conventional 
member-based design method.  
 
Chapter 10 draws conclusions for the research works presented in this thesis and provides 
recommendation for future research studies. 
 
1.3 List of publications 
The following conference papers and journal papers are based on the research presented in 
this thesis. 
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Chapter 2-Literature Review 
2.1 Introduction 
This chapter presents an overview of current literatures covering different types of structural 
analysis, as well as components such as material and geometric nonlinearity, warping torsion, 
initial geometric imperfections and residual stresses which affect the load-carrying capacity 
of steel structures. Furthermore, the system reliability-based design criterion for advanced 
analysis as a practical design tool, which is beyond the scope of current specifications for 
steel structural design, is also discussed.  
 
2.1.1 Current steel design Specifications 
The conventional steel design method is based on safety checks of individual members. A 
steel frame is treated as a set of independent beams, columns, and connections, and the 
interaction between them is represented by the effective length method (Figure 2.1). This 
classical approach to structural design is described clearly in the 1981 SSRC Technical 
Memorandum No.5 [4] which provides the basis for the development of  most common  
Specifications such as AS4100 [3], AISC [2] and Eurocode [5].  
 
 
Figure 2.1: Effective length method [1]  
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2.2 Method of analysis 
Typical types of structural analysis commonly used in steel structural design are summarised 
below [6] and shown schematically in Figure 2.2: 
 
1. First-order analysis 
Individual members are assumed to remain in the elastic range in which a linear relationship 
between the applied load and the deformations is assumed and the structure follows Hooke’s 
law. Geometric nonlinearity and material nonlinearity are ignored in this type of analysis. 
 
2. First-order inelastic analysis 
Material nonlinearity (yielding) is taken into account in the analysis, but the geometric 
nonlinearity (second-order effect) is ignored so that equilibrium is formulated on the 
undeformed shape of the structure. 
 
3. Second-order elastic analysis 
Individual members are assumed to remain in the elastic range but the second-order effect is 
taken into account and equilibrium is formulated on the deformed shape of the structure. 
 
4. Second-order inelastic analysis with imperfections (Advanced analysis) 
Both geometric and material nonlinearities are taken into account in advanced analysis. 
Among all analysis methods, advanced analysis is most capable of predicting the behavior 
and ultimate strength of a structural system because the complex interactions between 
members and the inelastic load redistributions subsequent to first yielding are considered 
explicitly. 
When a building design is required to consider multiple load combinations, the benefit of 
using first-order analysis is that the internal actions (axial force(N), Shear force(V) and 
Moment(M) due to different load combinations can be calculated by superposition. However, 
this is only limited to first-order analysis. To accomplish the second-order design requirement, 
amplification factors are required to be applied to internal actions determined by first-order 
analysis to account for the member instability (P-δ effect) and frame instability (P-Δ effect) 
which requires additional effort. Furthermore, for high rise buildings, this approach will still 
require numerous load distributions and each distribution will require a linear analysis to be 
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performed and moment amplification factors to be applied. 
 
Design by Advanced Analysis (second-order inelastic analysis) which obviates the need for 
individual member check is similar to second-order elastic analysis in terms of superimposing 
actions, because loads cannot be superimposed when using nonlinear analysis. Thus, while 
load cases cannot be superimposed when using advanced analysis, and second-order elastic 
analysis, the advantage of being able to superimpose internal actions when using first-order 
analysis is offset by the requirement to calculate moment amplification factors. 
 
Figure 2.2: Method of analysis [1] 
2.3 Advanced analysis method  
In general, there are two types of elements used in advanced analysis including (1) shell 
element and (2) beam element. For shell element, the non-linear response of the structure and 
local buckling effect can be rigorously captured, which obviate the need of high expense and 
time consuming experimental testing. However, this method is impractical and only served as 
benchmark solution due to its computational inefficiency and complicated modelling process. 
 
Alternatively, beam element also referred as “line element" has been proposed for advanced 
analysis. Over the past 40 years, researchers have developed and validated various second-
order inelastic analyses of steel frames using beam element [7], of which, two types of 
analysis methods are developed (1) Plastic-hinge (concentrated plasticity), and (2) Plastic 
Chapter 2- Literature Review 
 
9 
 
zone (distributed plasticity) [8]. The details of these two methods of analysis are discussed in 
the subsequent sections. 
 
2.3.1 Two-dimensional plastic hinge method  
 
Due to the limitation of computer technology over the past 30 years, the plastic hinge method 
has been studied extensively and used to design planar frames. The common plastic hinge 
methods can be summarised as follow [8]: 
 
 Elastic-plastic hinge method 
 Refined elastic-plastic hinge method 
 Quasi-plastic hinge method 
The elastic-plastic hinge method can be divided into first-order and second-order elastic-
plastic hinge methods. The first-order elastic-plastic redundant hinge method includes 
yielding by formation of plastic hinges (fully yielded cross-sections) but ignores the second-
order stability effects. This means that the material nonlinearity can be captured under 
incremental loads but the equilibrium equations are formed based on the undeformed shape 
of the structure. The material is modelled as elastic-perfectly-plastic which means beyond the 
elastic limit the stress remains constant as the yield stress while the strain increases. 
 
The upper bound for this type of analysis is the first-order rigid plastic analysis which ignores 
the effect of elastic displacements and assumes all rotational deformations are concentrated in 
discrete regions, called plastic hinges, when the full plastic strength is reached [9-11]. The 
zero length plastic hinges are allowed only at the two ends of each one-dimensional beam 
element [6]. Once the cross-section is fully yielded and a plastic hinge is developed, the end 
sections change abruptly from elastic to fully plastic with no strain hardening and the element 
exhibits a sudden stiffness reduction [12]. In first-order rigid plastic analysis, the regions 
between the plastic hinges remain rigid during the analysis. Therefore, no deformation of the 
structure is possible until the formation of sufficient plastic hinges to convert the structure 
into a mechanism. In this method the sequence of developing the hinges as well as the 
magnitude of defections cannot be captured. The analysis can be modified to first-order 
elastic-plastic, if the members between the “zero length” plastic hinges are assumed to 
behave elastically rather than rigid. The first order elastic-plastic hinge method cannot handle 
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the effect of spread of yielding along the length and through the cross-section in the frame 
members as well as the second-order geometric effects. Because the segments of member 
between plastic hinges are modelled as elastic, this method often overestimates the stiffness 
and always gives an upper-bound prediction of the actual ultimate strength [13]. 
 
For second-order elastic-plastic analysis, the geometric effect may be considered by using the 
stability function (Equation 2.1) which enables only one beam-column element per member 
to capture the second-order effect [14]. The stability function used in the second-order 
elastic-plastic hinge method is expressed as follows [15]: 
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(2.1) 
 
 
where          are the incremental end moments and axial force, respectively. S1 and S2 are 
the stability function.   is the cross-section area.   is the second moment of inertia for the 
cross-section.       are the scalar parameters for gradual inelastic stiffness reduction and 
        and   are the incremental rotations at element ends and incremental axial deformation, 
respectively. This type of analysis has been classified as an advanced inelastic analysis by [16, 
17], if the tangent modulus (Et) is used to capture the distribution of plasticity along the 
member length and it can accurately approximate frame strength and load-displacement 
response for reasonably configured structural systems. However, since yielding is only 
modelled as zero-length plastic hinges and the distributed plasticity as well as associated 
instability are not considered, this method may over-predict the actual inelastic stiffness and 
strength of the structure, especially when the instability of a few members is dominant  [14, 
18]. 
 
The refined plastic hinge method is based on modifications of the elastic-plastic hinge 
analysis by taking into account the effect of gradual member stiffness degradation and the 
distributed yielding due to axial force. The distribution of plasticity along the member length 
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caused primarily by residual stresses, bending moment and axial forces, is captured by using 
a tangent modulus (Et) which represents the effective stiffness and a stiffness reduction factor 
(τ). Significant amount of research has been conducted using this approach for two-
dimensional frame analysis [12, 16, 17]. Later, the effect of local buckling was taken into 
account by Avery and Mahendran [19].  
 
Figure 2.3: Smooth stiffness degradation for a plastic hinge based on LRFD strength curve [7]   
 
Attalla et al. [20] proposed the quasi-plastic hinge method which combined the plastic zone 
method with the elastic-plastic hinge method. Using this method, the spread of plasticity in a 
beam can be captured without discretizing the member along the length and over the cross-
section which makes it more computationally efficient. This method is calibrated to some 
benchmark frames [16, 21] where the computation errors are less than 5%, but it is restricted 
to two-dimensional frames only as it cannot predict the interaction between the axial force 
and biaxial bending moment. Ziemian and McGuire [16] developed a computer program 
MASTAN2 to analyze a series of two storey, two bays frames and showed that design by 
advanced analysis can save about 12% steel by weight compared to the conventional 
member-based design method. 
 
2.3.2 Two-dimensional plastic zone method 
 
Compared to the plastic hinge method, the plastic zone method is considered to be an exact 
solution in advanced analysis as the spread of yielding within the members can be rigorously 
captured. In addition, residual stress and initial geometric imperfections which affect the 
strength and stability of  steel frames can be also considered [22, 23].  
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In the plastic-zone method, the member is discretised into several finite elements (beam-
column elements) and the cross-section of each beam-column element is further subdivided 
into many fibres [22, 24, 25] (Figure 2.4). The stiffness at each dividing point of the members 
are obtained by numerical integration. The second-order effect can be rigorously captured 
using the incremental load-deflection response at each loading step with updated geometry 
[26].  
 
Figure 2.4: Beam-column element [27] 
 
As a result of its accuracy, the plastic-zone method has been studied extensively. White [25] 
developed a computer program at the University of Cornell to model the material and 
geometric nonlinearities of planar frames. Vogel [24] applied the plastic-zone method to 
develop three planar frames with different configurations for calibration. Meek and Lin [28] 
investigated the geometric and material nonlinearities of thin-walled beam-columns based on 
an updated Lagrangian formulation [29]. Bild et al. [30] used the total Lagrangian 
formulation [29, 31] to study the out-of-plane behavior of steel beam/columns subjected to 
bi-axial bending and torsion. Clark et al. [22] developed a computer program to study the 
nonlinear behavior of the stressed arch frame.  
 
2.4 Advanced analysis of three-dimensional steel frames 
Although extensive studies have been done for advanced analysis of planar frames and the 
results have been well verified through experimental tests , it is obvious that real structures 
are three-dimensional which may involve spatial torsion. Therefore, significant amount of 
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research works have shifted towards using advanced analysis to study three-dimensional steel 
frames. 
 
2.4.1 Plastic hinge method for three-dimensional steel frames 
 
The plastic hinge method has been extended to study the behaviour of three-dimensional steel 
frames. Orbison [32] used the elastic-plastic hinge analysis without considering shear 
deformation to study the behavior of a six storey space frame where material nonlinearity is 
considered by the tangent modulus Et and geometric nonlinearity is considered by the 
geometric stiffness matrix. However, Orbison’s method underestimates 7% of the yielding 
strength in stocky members for frames which are only subjected to axial force. Ziemian used 
computer program MASTAN2 to analyze a three-dimensional 22-storey frame and showed 
that design by advanced analysis can save about 12% steel by weight compared to the 
conventional member-based design method [17]. Prakash and Powell [33] developed a 
software called DRAIN-3DX at the University of California Berkeley based on the modified 
plastic hinge method to study the behavior of three-dimensional steel frames. However, their 
method does not consider the combined action of moment and axial force. Liew and Tang [34] 
studied a twenty storey space frame using the refined plastic hinge analysis, but their method 
overestimates the stiffness of the member  subjected to an extreme axial force. Chen and Kim 
[35] made improvements by considering material and geometric nonlinearities by using the 
CRC tangent modulus and stability function, respectively. Kim et al. [26, 35] extended the 
plastic hinge method to approximate the effects of flexural-torsional buckling and local 
buckling. Cuong and Kim [36] applied the fibre hinge method to study the behavior of 
various three-dimensional space frames. Although numerous approaches for analyzing three-
dimensional space frames using the plastic hinge method have been proposed, the capability 
of plastic hinge method to model 3D steel frames is still limited since it cannot rigorously 
capture the behaviour of member interactions in space frames which may involve significant 
yielding under combined actions [37].  
 
2.4.2 Plastic-zone method for three-dimensional steel structures 
 
The plastic zone method is a better method for studying the inelastic stability of three-
dimensional steel frames where the members exhibit complex behavior. Thus researchers 
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have extended the plastic-zone method to study the behavior of three-dimensional frames 
involving torsion. Izzuddin and Smith [38] adopted large-displacement analysis to study thin-
walled frames. Teh and Clark [39, 40] used Co-rotational and Lagranguian formulations in 
three-dimensional beam finite elements to analyze 3D steel frames. Kim et al. [41] used the 
shell element of commercial software ABAQUS [42] to model the spatial behavior of a two 
storey space frame with proportional and non-proportional loading and then calibrated the 
results with several full scale spatial frame experimental tests [43, 44]. Jiang et al. [27] 
proposed a mixed element method which combined the plastic hinge method and plastic zone 
method to study the spread of plasticity in 3D large-scale steel frames. Chiorean and Barsan 
[45] presented an efficient and practical computer method based on large deflection 
distributed plasticity analysis to design three-dimensional steel frames. This method was then 
extended by Chiorean [46] to consider the nonlinear flexible joint (semi-rigid joint). Due to 
the rapid advancement of computing technology, the barrier for applying the plastic-zone 
method in practical design has now been conquered. Structural software packages used by 
engineers are now increasingly incorporating plastic zone type advanced analysis [42, 47]. 
With the aid of powerful computer, plastic zone type advanced analysis is more widely used 
than ever before due to its accuracy.  
 
2.5 Advance analysis modelling 
 
In reality, the strength of a steel frame is influenced by various sources of nonlinear effects. 
These nonlinear effects can be summarised as: 
 
 Material nonlinearity 
 Geometrical nonlinearity 
 Residual stresses 
 Initial geometric imperfections 
 Warping torsion 
Each nonlinear effect is discussed in details in the subsequent sections. 
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2.5.1 Residual stresses 
2.5.1.1 Hot-rolled I-section  
In hot-rolled steel sections, residual stress exists as a result of uneven cooling rate after the 
rolling process creates a set of self-equilibrating initial stresses in the cross-section.  
Residual stress patterns in hot-rolled sections are normally associated with differential 
cooling rates due to variation in material thickness around the cross-section. The faster 
cooling regions of the section, such as the flange tips are left in residual compression and the 
thicker, slower cooling regions, such as the corners are left in residual tension. Techniques 
used to straighten the cooled sections may also modify the residual stress patterns. The 
residual stress may have a significant influence on the strength of compression members due 
to earlier yielding and subsequent lowering of the flexural strength [48]. It was also found 
that the effect of residual stress is more severe for beam-columns which are failed by (1) 
excessive bending in the minor axis [49] and (2) flexural-torsional buckling [50, 51]. 
 
Numerous researchers have studied the appropriate distribution of residual stress for I-section. 
For instance, Galambos and Ketter [49] and Ketter [52] used the residual stress pattern shown 
in Figure 2.5(a) to study the strength of beam-column, while Bradford and Trahair [53] and 
Trahair [54] applied the parabolic stress distribution to investigate inelastic lateral buckling. 
Bild and Trahair [55] used the bilinear flange and tri-linear web distribution (Figure 2.5(b)) to 
study the in-plane strength of steel columns and beams. However many researchers [24] used 
residual stress pattern recommended by ECCS (European Council for Constructional 
Steelworks) residual stress model [56] (Figure 2.5(c)).  
 
       
 
 
 
 
 
(a) Galambos and Ketter [49] (b) Bild and Trahair [55] (c) ECCS model [56] 
Figure 2.5: Residual stress pattern for I-section 
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2.5.1.2 Cold-formed hollow steel section 
The residual stresses in cold-formed steel section are mainly caused by the cold bending 
effect induced during the forming process. The strength and behavior of cold-formed steel 
structural member can be greatly influenced by the presence of residual stress [57, 58]. The 
residual stresses in a cold-formed steel sections are expected to have a substantial bending 
part and a comparatively low membrane part [57], which is different from the thermally 
induced residual stress in hot-rolled sections [59]. There is no analytical method for the 
distribution of residual stress due to the fact that the distribution could be affected by 
different forming and different cooling processes after welding. Extensive research has been 
given to investigate the distribution of residual stresses in cold-formed structural steel 
members by carrying out experimental test. For instance, experimental and theoretical 
residual stresses in cold bent thin steel plates were investigated by Ingvarsson [60] and Weng 
[61-63], while Key and Hancock [64] performed experiment for carbon Square Hollow 
Sections (SHS) and proposed idealized distributions of both longitudinal and transversal 
residual stresses in the section. They also concluded that the longitudinal and transversal 
residual stresses in square hollow sections consisted of three components: (1) membrane, (2) 
bending and (3) layering components. The distributions are shown in Figure 2.6. Li et al. [65] 
measured the through thickness stress distribution on SHS in both directions using the X-ray-
diffraction method.  
 
  
 
(a) Longitudinal direction (b) Transversal direction 
 
Figure 2.6: Residual stress of SHS in two directions prposed by Key and Hancock [64] 
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2.5.2 Initial geometric imperfections 
 
Structural steel members are not perfectly straight due to geometric imperfections introduced 
during manufacture and erection. Since the initial geometric imperfections may reduce the 
load-carrying capacity of a structural system, the initial geometric imperfections must be 
considered in analyzing steel frames. Two types of geometric imperfections should be taken 
into account in advanced analysis (1) Out-of-straightness and (2) Out-of-plumbness. Figure 
2.7 schematically illustrates the typical geometric imperfections. 
 
Various approaches are reported in the literatures for modelling the effect of geometric 
imperfections in advanced structural analysis, including (1) the notional horizontal forces 
method [66], (2) the reduction of member stiffness method [8], and (3) the explicit modelling 
of initial geometric imperfections [67]. Each of these methods is reviewed in the subsequent 
sections. 
 
  
(a) Out-of-plumbness (sway imperfection) (b) Out-of-straightness (bow imperfection) 
Figure 2.7: Initial geometric imperfections [67] 
 
2.5.2.1 Notional horizontal load method 
The Notional Horizontal Load method (NHL) was first introduced by Liew et al. [66] to 
model geometric imperfections and has been adopted by many researchers [67-69]. In the 
NHL method, the frame out-of-plumbness is modeled by applying an additional lateral force 
at the top of each column of the undeformed frame, and the notional horizontal loads are 
assumed to act in one direction at a time [68]. The accuracy of the NHL method has been 
proved by calibrating it with the benchmark solutions [70]. The out-of-straightness can also 
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be modelled by applying a lateral distributed force along the member or a concentrated force 
at the mid height of the member [66]. 
 
The NHL method is used in most steel design codes. For instance, current AS4100 [3] 
permits the frame out-of-plumbness imperfections to be represented by notional horizontal 
force, each equal to 0.002 times the total design vertical loads applied at a floor level 
(0.002P). The same value of 0.002P is used in AISC 360 [2] and increased to 0.005P in HKC 
[71]. Eurocode 3 uses Equations 2.2-2.3 to calculate the magnitudes of notional load to 
account for sway and bow imperfections, respectively.  
 
 ( / 200)h m Eda a N   (2.2) 
 
   
 28 /EdN L   
(2.3) 
 
where NEd is the design axial force, and ah and am are the reduction factors for height and 
number of columns in a row, respectively.  and   are the magnitude of out-of-plumbness 
and out-of-straightness, respectively. Figure 2.8 schematically illustrates the application of 
NHL to a simple portal frame. 
 
 
Figure 2.8: Notional load method applied to a portal frame [66] 
 
 
2.5.2.2 Further reduction of member stiffness (E
'
t) 
Alternatively, the initial geometric imperfections can be simulated by using the further 
reduction of member stiffness method introduced in [72]: 
 
' 0.85t tE E   
(2.4) 
 
NHL NHL NHL 
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where   
  is the reduced tangent modulus. The further reduced modulus   
  is applicable for 
braced and unbraced members and frames. Although this method is simple to use, it is 
ineffective in modeling geometric imperfection for symmetric gravity-only frames [73] .  
 
2.5.2.3 Direct and explicit modelling of initial geometric imperfections 
In the Direct Modelling of Initial Geometric Imperfection (DMIGI) method, the nodes of the 
structure are manually offset from their original positions. The magnitude and shape of the 
imperfections are developed to produce the worst case scenario. The DMIGI method has been 
used extensively in design specifications. Current steel structural standards including AS4100 
[3], ECCS [5], CSA [74] and AISC 360-10 [2] provide recommendations for the acceptable 
magnitude of the initial geometric imperfections. The values contained in theses 
specifications are shown in Table 2.1.  
 
Table 2.1: Summary of suggested imperfection by different specifications 
Out-of-plumbness Out-of-straightness specifications 
H/500 L /1000 AS4100 [3] 
H/500 L /1000 AISC 360 [2]  
amah/200 L/300 ECCS [5] 
H/500 L /1000 CSA [74] 
 
 
2.5.2.4 Eigen buckling modes approach 
In the EBM method, a classical elastic buckling analysis of the perfect structure is first 
performed. The lowest buckling mode is then scaled to represent the imperfect geometry of 
the frame. The lowest Eigenmode can be derived based on small displacement theory and is 
the solution to the following eigenvalue equation:  
 
 {[ ] [ ]} 0L i G iK K    (2.5) 
 
where      is the linear stiffness matrix,      is the geometric matrix and    and    are the i 
th eigenvalue and buckling mode respectively. This method has been adopted by many 
researchers to consider the most critical geometric imperfection in their analyses [41, 75-77]. 
The concept behind this theory is that the most critical imperfect geometry is similar to the 
final collapse configuration because it requires the least energy to deform from the unloaded 
state to the final collapse state [78]. It is observed that in most cases the first buckling mode 
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can represent the collapse shape; however there are also some structures which fail in a 
different shape to the first eigenmode. An alternative approach was proposed by [78] in 
which a second-order inelastic analysis is run first and the final collapse configuration is 
determined for the specific loading case. Afterwards, the final deformed shape of the 
structure is used to model the initial geometric imperfection in the advanced analysis. 
However this method may not be reliable for all cases because no effort can be found in [78] 
to verify the validity of the proposed model.  
2.6 Flexural-torsional buckling and warping effect 
Thin-walled I-section structural members are commonly used in engineering practice and 
construction, but they are susceptible to flexural-torsional buckling due to their low torsional 
stiffness. The resistance of the I-section member subjected to flexural bending depends on the 
weak axis bending stiffness of the cross-section (EIy) and resistance to a twisting motion. The 
resistance to a twisting motion can be broken into two parts: (1) uniform (The Saint-Venant) 
torsion and (2) Non-uniform torsion (warping torsion).  
2.6.1 Uniform torsion 
 
Saint-Venant (uniform) torsion (See Figure 2.9(a)) is generated by shear stresses developed 
by the rotation of adjacent cross-sections. The angle of twist and associate torsion are 
assumed to be uniform across the cross-section and can be expressed by the following 
formula [79]: 
 
 
uniform
d
T GJ
dz

  
(2.6) 
 
where 
d
dz

 is the rate of twist,   is the shear modulus and   is the torsional constant of the 
cross section. The uniform torsion can be considered in the finite-element model by using 
beam-element with 6 degree of freedoms.  
 
2.6.2 Non-uniform torsion 
 
Warping torsion (non-uniform torsion) (see Figure 2.9(b)) is developed by the cross-bending 
of the flanges. As the beam twists, the cross-section rotates about its centroidal axis which 
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induces lateral flexural bending strains in the flanges, and that leads to the development of 
equal and opposite flange bending moments and accompanying shear forces acting in the 
plane of each flange. The couple produced by the shear forces at a particular section makes 
up the warping torsional resistance [80]. Non-uniform warping torsion can be modelled 
explicitly by including a 7
th
 degree of freedom (“warping d.o.f”) into the beam-element 
formulation to describe the cross-sectional warping (axial) deformation. The expression of 
moment, shear and warping induced due to non-uniform warping is expressed in Equations 
2.7-2.9 [81]. 
 
 2
2
f
f f
d u
M EI
dz
  
(2.7) 
 
where uf is the lateral displacement of the flange, If is the second moment of inertia of one 
flange and E is Young's modulus. The shear forces and warping torsion acting in the plane of 
each flange are expressed as:    
 
 3 2 3
3 3
-
-
4
f f y
f f
dM du EI d d
V EI
dz dz dz

    
(2.8) 
 
 
 3
3w f w
d
T V d EI
dz

    
(2.9) 
 
 
With the uniform torsion and warping torsion defined, an equation for the flexural-buckling 
moment can be accurately determined by solving the differential equations of bending and 
torsion [80]:  
 
 2
2y x y
d u
M M EI
dz
    
(2.10) 
 
 
 3
3
Saint-Venant torsion Warping torsion
z x w
d d d
M M GJ EI
dz dz dz
  
    
(2.11) 
 
 
By taking the first derivative of Equation 2.11 and substituting it into Equation 2.10, the 
flexural-torsional buckling moment (Mcr) solved can be defined as follows: 
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2 2
( )
y w
cr
e e
EI EI
M GJ
l l
 
   
(2.12) 
 
where    is the effective length of the member based on the boundary conditions of the 
member and    is the warping constant [82]. Figure 2.9(c) shows the warping deformation of 
an I-section beam subjected to uniform and non-uniform torsion. 
 
  
(a) Uniform Warping (b) Non-uniform warping torsion 
 
(c) Warping displacement induced by non-uniform torsion 
Figure 2.9: I-section subjected to torsion [80] 
 
2.7 System reliability analysis 
In reality, the strength of a steel frame is influenced by various sources of uncertainty, 
including the variabilities associated with material properties and geometric imperfections. 
Therefore, absolute safety cannot be achieved which implies that structures must be designed 
to serve their function with an "acceptable low" probability of failure [83]. To define the 
failure in the context of structural reliability analyses, a limit state function is used to 
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represent the boundary between the desired and undesired performance of the structures. Let 
the probability of failure (Pf) be a function involving several random variables, and the 
probability of failure, Pf, is given as: 
 
         0 , 0f R QP P R Q P G R Q F x f x dx        (2.13) 
 
where R and Q are the system resistance and total load effect, respectively. G(R,Q) represents 
the limit state function and       represents the cumulative distribution function of R, and 
      represents the probability density function of Q. Despite the deterministic formwork of 
common design specifications, both R and Q are random variables with probability density 
functions (Figure 2.10).  
 
 
Figure 2.10: Probability density fuctrion for load, resistance and safety margin [83] 
 
The limit state function G(R,Q)=0 which defines the boundary between the safe and failure 
domains in a two-dimensional space is shown in Figure 2.11.  
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Figure 2.11: Safe domain and failure domain in a three-dimension space [83] 
 
Since R and Q are random variables the probability of failure can be calculated by integrating 
the joint density function (region where G (R - Q) < 0). A joint density function in three-
dimensional space is shown in Figure 2.12. 
 
 
Figure 2.12: Three-dimension representation of a possible joint density function [83] 
 
2.7.1 Methods for evaluating reliability index 
 
The concept of the reliability index was first introduced by Hasofer and Lind [84] who define 
it as the shortest distance from the origin of reduced variables to the line g(ZR,ZQ),  this 
concept is shown graphically in Figure.2.13. 
μR 
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Q
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Figure 2.13: Reliability index defined as the shortest distance in the space of reduced variable 
 
By using the geometry from Figure 2.14, the reliability index (β) can be calculated as: 
 
 
2 2
R Q
R Q
 

 



 
(2.14) 
 
where   ,    are the means of the distribution of system resistance (R) and total load (Q), 
respectively and       are the standard deviation for R and Q, respectively.  
 
2.7.1.1 First-Order Second-Moment method (FOSM) 
In 1973, Hasofer and Lind [84] proposed the First-Order Second Moment method (FOSM) to 
deal with limit state functions that contain multiple random variables. In this method β is 
calculated as follows:  
 
 
0 1
2
1
( )
i
n
ii Xi
n
i Xi
a a
a









 
(2.15) 
 
where β is the second-moment measure of structural safety because it is derived based on two 
moments (mean and standard deviation). ai (i=0, 1, 2… n) are the constants and the μXi and 
σXi are the mean and standard deviation, respectively, for the uncorrelated random variables xi. 
To deal with nonlinear limit state function, a Taylor series expansion is used to linearize the 
limit state function before applying Equation 2.16 to find the reliability index. The limit state 
function after the linearization can be expressed as: 
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
  
(2.16) 
 
 
By substituting Equation 2.16 into Equation 2.15, the β can be calculated as: 
 
  1 2
2
1
, ..
  evaluate at mean value
( )
i
x x xn
i
n
i
i Xi
G G
where a
Xa
  




 

  
(2.17) 
 
where β in Equation 2.17 is defined as the first-order second-moment mean value reliability 
index. Figure 2.14 shows the linearization procedure used in the first-order second-moment 
mean value method. 
 
Figure 2.14: First-order second-moment mean value method [84] 
 
Although the first-order second-moment method is simple to apply, the results are sometimes 
inaccurate because the tails of the distribution functions cannot be approximated by a normal 
distribution and there is an invariance problem as the value of the reliability index depends on 
the specific form of the limit state function [83].  
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2.7.1.2 First-Order Reliability Method (FORM) 
Hasofer and Lind [84] proposed the First-Order Reliability Method (FORM) which 
overcomes the invariance problem by evaluating the limit state function at a point known as 
the ‘design point’ instead of the mean point. The design point is a point on the failure surface 
(G > 0) and is solved by using the iterative technique since the design point is generally not 
known a priori. The design point on a failure boundary of the limit state function G = (R - Q) 
is shown in Figure 2.15.  
 
 
 
 Figure 2.15: Design point on failure boundary of G (R-Q) =0  [83]  
 
The FORM can generally be treated the same as the FOSM method when the limit state 
function is linear. The general steps for evaluating the reliability index using FORM are 
summarised as follows [84]: 
 
1. Formulate the limit state function and the design equation, and then determine the 
probability distributions and appropriate parameters for all random variables    
(         ) involved. 
 
2. Obtain an initial design point { *
ix } by assuming values for     of the random 
variable Xi. (Mean values are often a reasonable choice) and then solve the limit state 
equation (G = 0) to obtain a value for the remaining variable. This ensures that the 
trial design point is on the failure boundary. 
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3. Determine the reduced variances { *
iz } corresponding to the design point {
*
ix } using 
Equation 2.19: 
 
 
*
*
2
i
e
i x
i
x
Z
L

  
(2.18) 
 
 
 
4. Determine the partial derivatives of the limit state function with respect to the reduced 
variables. For convenience, define a column vector{ }G as the vector whose elements 
are these partial derivatives: 
 
  
1
2
3
G
G
G
G
 
 
 
 
 
 
 
(2.19) 
 
               where 
 evaluate at design pointi
i
G
G
Z

 

 
(2.20) 
 
5. Calculate a column vector containing the sensitivity factors using Equation 2.21: 
 
 
   
   
*T
T
G Z
G G
   
(2.21) 
 
               where 
  
*
1
*
* 2
*
n
Z
Z
Z
Z
 
 
 
 
  
 
 
(2.22) 
 
The superscript T denotes transpose. 
 
6. Calculate the column vector { }  using Equation 2.23 : 
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 
 
   
T
G
G G
   (2.23) 
 
7. Determine a new design point in reduced variables for n - 1 of the variables using 
Equation 2.24: 
 
 
*
i iZ    
(2.24) 
 
 
8. Determine the corresponding design point values in the original coordinates for the n 
– 1 values using Equation 2.25:  
 * *
i i
e e
i X i Xx Z    (2.25) 
 
9. Determine the value of the remaining random variables (i.e., the one not found in 
steps 8 and 9) by solving the limit state function G = 0.  
 
10. Repeat steps 3 -10 until β and the design point { *
ix } converge. 
 
The aforementioned procedures for the FORM are only valid if the random variables in the 
limit state function are normally distributed. Rackwitz and Fiessler [85] proposed a procedure 
for calculating the reliability index using the FORM without assuming that the random 
variables in limit state function are normally distributed. The steps are essentially analogous 
to the Steps 1-10 except for there is an additional transformation equation to determine the 
equivalent normal mean e
Xi and standard deviation 
e
Xi  of the non-normal distributed random 
variables. The transformation equation is expressed as follows [83]:  
 
 
 
   
  
*
-1 *
* *
-1 1ee X
X Xe
Xx x
x
f f F x
f x f x



 
      
 
 (2.27) 
 
 
   * -1 *-e eX X Xx F x       
(2.26) 
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(2.29) 
 
 
where FX(x
*
) and fx (x
*
) are the CDF (cumulative distribution function) and PDF (probability 
density function) of the actual random variables, respectively, and  () is the standard normal 
distribution function. 
 
2.8 Sampling techniques 
Of the different techniques used to solve structural reliability formulation, simulation 
techniques are straightforward methods of estimating the probability of failure of structure. 
However there is a very low efficiency in their primitive form of crude sampling due to the 
low structural probability of failure [86]. Typically many samples are required to converge to 
a reasonable accurate result. Therefore, different variance deduction methods have been 
proposed to achieve an accurate result with a smaller number of simulations [83].  
 
2.8.1 Monte Carlo method 
The Monte-Carlo simulation technique involves random sampling to artificially simulate a 
large number of experiments. The approach of the Monte-Carlo simulation in structural 
reliability analysis is to sample the variable xi randomly, and then apply the limit state 
function G(x) to check whether the structural element has failed (G (x) < 0) or not (G(x) > 0). 
By repeating this approach many times (N) with different sampling xi value, the probability of 
failure is approximated as follows [87]: 
 
where n  denotes the number of simulations for ( ) 0iG x  . Equation 2.30 can be rewritten as 
[87]: 
 
 
  0i
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nG x
P
N

  
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(2.31) 
 
where       is the joint probability density function,   is the total number of simulations and 
    is the indicator function which equals to 1.0 if the event in [] is true, and 0 otherwise, 
 
2.8.2 Latin Hypercube Sampling method 
 
The Latin Hypercube Sampling (LHS) method is one technique for reducing the number of 
simulations required to obtain reasonable results. The general theory is to enable all the 
possible values of the random variables to exist in the simulations.  
 
Suppose the limit state function is defined as follows: 
  1, 2, ,( ) ,i ix xG x f x   (2.32)  
where  x1,2..i  are the random variables in the limit state function G(xi). 
 
The basic steps in LHS are as follows [83]: 
1. Partition the range of each    into   intervals, so that the probability of a value of    
occurring in each interval is    . 
 
2. For each random variable (   ) and each of its   intervals, randomly select a 
representative value for the interval. In practical applications, if the number of 
intervals is large, the centre point of each interval can be selected instead of random 
sampling. 
 
3. After Steps 1-2, there will be   representative values for each of the   random 
variables and there are    possible combinations of these representative values. The 
objective of LHS is to select   combinations of these representative values such that 
each representative value appears once and only once in the   combinations. 
 
4. To obtain the first combination, randomly select one of the representative values for 
each of the   input random variables, and to obtain the second combination, randomly 
select one of the     remaining representative values of each random variable. 
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Continue this selection process until   combinations of values of the input random 
variables are obtained. 
 
5. Evaluate Equation 2.32 for each of the   combinations of input random variables 
generated above and this will lead to   values of the function.  
 
A comparison of CDF between Latin Hypercube sampling and Monte-Carlo simulation is 
shown in Figure 2.16 and indicates that Latin Hypercube sampling is very efficient when 
there are only a small number of sample. 
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Figure 2.16: Comparison between Monte-Carlo simulation and LHS 
 
2.8.3 Importance sampling technique 
The importance sampling technique has proved to be far more efficient than the Monte-Carlo 
simulation [88, 89]. The theory of importance sampling is to introduce an importance 
sampling probability function as [87]: 
  
 
 1
1
{ 0 }
X iN
f ii
V i
f V
P I G V
N h V

     
(2.33) 
 
where the samples     are distributed according to importance sampling function      and N is 
the number of samples. Kahn [90] suggested that a good choice of      can lead to zero 
variance in the unbiased estimator ( ). However, deriving the optimal      function requires 
an appropriate function to be selected a priori which is the main difficulty in importance 
Chapter 2- Literature Review 
 
33 
 
sampling. Various methods of constructing a good importance sampling function      with 
reasonable effort have been developed. For instance, Shinozuka [91] selected     as a 
uniform distribution over a defined region. Harbitz [92] used      for      but shifted to the 
B-point obtained from FOSM theory. Au and Beck [93] developed a kernel sampling density 
method based on the Markov simulation algorithm, while Melchers [89, 94] used the design 
point method which uses an independent (multi-) normal probability density function for 
     with mean vector    at the design points x* within the failure region, as shown in Figure 
2.17. The design point can be defined by using a searched based algorithm where the x* is 
updated constantly until the point of maximum likelihood in the density function      is 
achieved. The procedure using a search based algorithm can be described as follows [94]: 
 
 
Figure 2.17: Importance sampling [94] 
 
1. Select a starting point xk, k=1, in real n-(hyper-) space. 
 
2. Select an importance sampling function      with appropriately large variances and 
vector   . 
 
3. Obtain samples from the previous selecting density function      and determine 
whether it falls in the failure region. 
 
4. For each sample in the failure region, determine the f(x) and apply the appropriate 
summation in Equation 2.33 to determine Pf. Record the maximum value found so far  
for f(x) and record the location which denotes x*. 
 
5. For each sample not fall in the failure region, note the minimal of value of the limit 
state function and record the relevant location which denoted x**. 
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6. If none of the samples fall in the failure region, reposition      to x**, otherwise for 
each sample of the group that are falling in the failure region, check if 
( ) ( ),  for 1.02 f x f x    where   is the sensitivity factor to prevent oscillation 
between the successive choice of   . if so, reposition      to   . 
 
7. Reduce the variance of     . 
 
8. Repeat Steps 3-7 until   converges. 
 
The probability of failure predicted using the importance sampling technique is compared 
with the results predicted by direct Monte Carlo simulation as shown in Figure 2.18. It can be 
seen that the number of simulations required for the probability of failure to converge using 
the importance sampling technique is less than 1000 which is far more efficient than the 
direct Monte Carlo simulation (10000 simulations). However, the major drawback for the 
importance sampling technique is finding the design points becomes less efficient with the 
increased number of random variables considered in the limit state function   
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Figure 2.18: Probability of failure calculated using direct Monte Carlo and importance sampling 
technique 
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2.9 Code development and target reliability 
The design code is intended to provide a minimum safety level. There are four levels of 
design code available based on the approach to reliability summarised as follows [95]: 
 
A. Level I codes use deterministic design formulas. The safety margin is introduced through 
central safety factor (ratio of design resistance to design load) or partial safety factors 
(load and resistance factors).  
 
B. Level II codes define the design acceptance criterion in terms of the “closeness” of the 
actual reliability index for a design to the target reliability index or other safety-related 
parameters. 
 
C. Level III codes require a full reliability analysis to quantify the probability of failure of 
the structure under various loading scenarios. The acceptance criterion is defined in 
terms of the closeness of the actual reliability index to the optimum reliability level (or 
probability of failure). 
 
D. Level IV codes use the total expected cost of the design as the optimization criterion. The 
acceptable design maximizes the utility function, which describes the difference between 
the benefits and costs associated with a particular design. 
 
 
Current structural steel design codes are developed based on a Level I codes philosophy 
whereas Level II codes are used to derive design parameters (load and resistance factors). 
 
To achieve a uniform performance for different design situations, an acceptable safety level 
must be established. Probabilistic limit state design is based on the notion of a “target 
reliability” as a quantitative measure of structural safety. Selecting acceptable reliability 
targets is a difficult task since these targets are not readily available and require engineering 
judgments or the assessment of the reliability of frames designed to existing specifications. 
Target reliability indices (β) obtained from the literatures for different members and systems 
are summarized in Table 2.2. 
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Table 2.2: Target reliability sourced from literatures 
 Target reliability References 
Steel beam 2.6 
AISC 360 [2] Steel column 2.7-3.6 
Connection 4.0-6.0 
Member subjected to gravity 
load 
3.0 
American national standard 
A58 [96] 
Member subjected gravity plus 
wind 
2.5 
Steel column (Intermediate 
slenderness) 
3.5 
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Chapter 3-Advanced Analysis of 3D Hot-rolled I-section 
and Cold-formed Hollow Steel Section Frame 
 
3.1 Introduction 
Advanced analysis is capable of predicting the maximum load carrying capacity of a steel 
frame, and its full-range load-deflection response. It should therefore model the main 
nonlinear factors to simulate the realistic response of the structure to a given loading, 
including: 
 
 Material non-linearity 
 Geometric non-linearity 
 Residual stresses 
 Initial geometric imperfections 
 
This chapter presents finite-element modelling guidelines and requirements for the 
application of advanced analysis for 3D steel frame systems featuring HSS and I-sections. 
Details about the element types, residual stress, initial geometric imperfections, material 
properties and structural collapse are summarized in this section. In addition, the modelling 
of rigid diaphragms and live load reduction is outlined. The finite-element model is then 
calibrated against existing frame analysis results available in the literatures and 
recommendations are made for the optimum number of elements to be used for the 3D FE 
frame models based on a convergence study. 
 
3.2 Finite-element model 
In this section, 3D geometric and material nonlinear finite element models are developed 
using one of the powerful commercial software ABAQUS. There are two types of nonlinear 
static analysis options available in ABAQUS, (1) “*STATIC”, (2) “*STATIC RIKS”. The 
“*STATIC” option uses a force controlled Newton-Raphson solution technique to solve the 
nonlinear equilibrium equations whereas the “*STATIC RIKS” option adopts a modified 
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RIKS algorithm technique which uses load magnitude as an addition unknown, i.e it solves 
simultaneously for loads and displacements.  
 
In this study, the “*Static, RIKS” option is used with minimum and maximum increment 
sizes of 0.01 and 0.08, respectively. The geometric nonlinearity effect is captured by 
involving the geometric nonlinear control parameter (“NLGEOM”). The material 
nonlinearity is modelled using the plastic zone method whereby cross-sections along 
elements are subdivided into small fibres which monitor the gradual spread of plasticity 
across the section.  
3.3. Element type 
In finite-element analysis, the analysis results are very sensitive to the types of element used. 
Various three-dimensional elements are available for different analysis purpose. The property 
and degree of freedom for different element types are outlined in Table 3.1 and the 
conversion for the specific element naming is illustrated in Figure 3.1: 
 
 
 
 
 Figure 3.1: Element definition  
 
Table 3.1: Different element types in ABAQUS 
Element type Integration point Degree of freedom Shear Flexible 
B31 1 6 Yes 
B32 2 6 Yes 
B31OS 1 7 Yes 
B32OS 2 7 Yes 
 
Hybrid 
Open Section 
Open Section 
Beam or pipe in plane (2) or beam or pipe in space (3) 
Line (1), quadratic (2), cubic (3) 
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3.3.1 Hollow steel section 
 
In the study of HSS, since all cross-sections are fully compact cold-formed Rectangular 
Hollow Sections (RHS) or Square Hollow Sections (SHS). Local buckling is not considered. 
In addition, since the HSS are hollow sections, the six degree of freedom three-dimensional 
beam element (B31) which neglects warping torsion but considers beam shear deformation is 
used. Figure 3.2 shows the distribution of default section points used for plane (2D) and 
space (3D) analyses. 
 
 
 
 
 
 
(a) Section points for 2D analysis (b) Section points for 3D analysis 
 
Figure 3.2: Default section point for box section in ABAQUS [42] 
 
3.3.2 I-section 
 
When modelling beams with open cross-section in space, a further consideration arises from 
the possibility of warping of the beam’s cross-section under torsional loading. This warping 
deformation modifies the shear strain distribution throughout the section.  
 
In the study of I-section, to correctly model warping effect, the 3D open section beam 
element (B31OS) is used in the model. In addition, since all cross-sections are fully compact 
hot-rolled sections, local buckling is not considered. The default distribution of section points 
in the B31OS element and the 7
th
 warping degree of freedom are shown in Figure 3.3. 
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(a) Section points  (b) Warping degree of freedom 
Figure 3.3: Default section points for I-section in ABAQUS [42] 
 
3.4 Material model 
The material nonlinear model uses the von Mises yield surface and the Prandtl-Reuss 
associated plastic flow rule to define isotropic yield theory. The stress-strain curve is 
modelled in ABAQUS through the commands “*PLASTIC” and “*ELASTIC”. For I-section 
frames, an elastic perfectly plastic stress-strain curve is assumed (Figure 3.4(a)) whereas for 
cold-formed HSS frames, a modified stress-strain Figure 3.4(b) curve is used. The modified 
stress-strain curve is used to account for the effect of longitudinal bending residual stress in 
HSS. A detailed study for implementing the modified stress-strain curve is outlined in 
Chapter 5.   
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(a) Elastic perfectly plastic model for I-section (b) Modified stress-strain curve for HSS 
Figure 3.4: Stress-strain curves used in ABAQUS for I-section and HSS 
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3.5 Residual stress pattern 
3.5.1 I-section 
In this study, the residual stress distribution proposed by the ECCS [56] is used for I-section 
(see Figure 3.5). A user subroutine (SIGNI) is written in FORTRAN to implement the 
residual stress into finite-element model in ABAQUS. The SIGINI subroutine allows the user 
to define the residual stress at each of the section points for each specific element. To allow 
ABAQUS to compile the subroutine, the command “*INITIAL CONDITION, 
TYPE=STRESS, USER” must be added before the command “*STEP”. An example of a 
subroutine for incorporating residual stress in an I-section is provided in Appendix A.1.  
 
 
 
 
 
Figure 3.5: ECCS residual stress pattern for I-sections [56] 
 
 
3.5.2 Hollow Steel Section 
 
The residual stresses considered in this study are longitudinal bending residual stress and 
longitudinal membrane residual stress. The pattern of membrane residual stress is shown in 
Figure 3.6(b) [64]. 
σr 
d/bf ≤1.2 ; σr=0.5 Fy  
d/bf >1.2 ; σr=0.3 Fy  
 
 
d 
b 
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(a) Section point (b) Longitudinal membrane residual stress pattern 
 
Figure 3.6: Membrane residual stress pattern 
 
A user defined subroutine (SIGINI) (Appendix A.2) is developed for HSS frames for 
incorporating the longitudinal membrane residual stress into the ABAQUS model based on 
the residual stress pattern shown in Figure 3.6(b), these stresses are assumed to be constant 
through the thickness. Furthermore, the longitudinal bending residual stress is indirectly 
considered through the modified stress-strain curve (Figure 3.4(b)). It should be noted that 
since the magnitude of membrane residual stress was small and only have minor effect to the 
ultimate strength of the frames [97], therefore the membrane residual stress is only 
considered in the simulations but not in the nominal model. 
 
3.5.3 Initial geometric imperfections 
 
Two types of geometric imperfections are considered in this study: (1) the member out-of-
straightness, (2) frame out-of-plumbness. For frames composed of I-section, the initial 
geometric imperfection is modelled as a linear superposition of the first 3 buckling modes 
whereas for I-section braced frames only the first buckling mode is used for the modelling of 
initial geometric imperfection [98]. First, an elastic buckling analysis is run using the “* 
BUCKLE” option of ABAQUS to obtain the buckling mode. The obtained buckling modes 
are then scaled with appropriate factors and implemented as initial geometric imperfection 
into the model for advanced analysis through the command *IMPERFECTION. For HSS 
frames, the notional horizontal load (NHL) method is used which directly applies horizontal 
σr=0.1 Fy 
σr 
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forces at each storey level of the frame to account for initial geometric imperfection whereby 
initial geometric imperfection is modelled by the first buckling mode for braced HSS frames. 
More details about the application of these two methods can be found in Chapter 4. Typical 
first three elastic buckling modes can be found in Figure 3.7. 
 
 
  
(a) 1
st
 Buckling mode (b) 2nd  Buckling mode (c) 3rd  Buckling mode 
 
Figure 3.7: Typical frame first three elastic buckling modes 
 
3.6 The modelling of live load reduction 
The probability of encountering full live load on floor and roof areas is low in certain cases. 
In fact, it becomes less likely as the size of the area supported increases. Thus, a live load 
reduction factor is proposed to reduce the effect of this load type. Subjected to certain 
limitations, for members having a minimum required influence area of 400 ft
2
 (37.16 m
2
), the 
ASCE 7-10 [99] uses the concept of influence area as a major factor in computing the 
reduction in live load on a member. The equation for live load reduction is shown in Equation 
3.1: 
 
 
15 15
0.25 0.25  O O O
I tt t
L L L L
A K A

  
      
      
 
 
 
 
       (3.1) 
 
 
where L is the reduced design live load, AI is the member influence area in square feet rather 
than the tributary area (At), Lo is the unreduced design live load, Ktt is live load element 
factor which summarised in Table 3.2 [99] and   is the live load reduction factor. The live 
load reduction factor should not be less than 0.5 for members supporting one floor (e.g edge 
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beam is considered as member support one floor) and 0.4 if members are supporting more 
than one floor (e.g interior beam is considered as member supporting more than one floor). 
The influence area versus live load reduction factor can be found in Figure 3.8. 
 
Table 3.2: Live load element factor 
Element Ktt 
Interior columns 4 
Interior beams 
Edge beams without cantilever slab 
2 
All other members not identified 1 
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Figure 3.8: Reduction factor for live load 
 
However, to consider live load reduction for both beams and columns with different live load 
reduction factors in advanced analysis, the compensating force method proposed by Ziemian 
[100] is used. In this method, all structural analyses which include live load are first 
performed by distributing live load to the beams using beam reduction factors, then 
compensating forces are applied in the upward direction (opposite to gravity) at the 
corresponding beam-to-column joints. By applying this combination of live load, the ASCE 
7-10 [99] provisions for live load reduction can be included for both beams and columns 
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simultaneously. The detailed procedure for calculating the compensating upward force is 
outlined in Equations 3.2-3.6 and described as follows: 
  
 
(a) Frame configuration 
 
  
 
 
(b) Tributary area for beams at top storey 
 
Figure 3.9: Live load reduction example 
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1. Estimate the axial force of the column due to the unreduced live load applying on the beams 
based on their tributary area. For column C4 shown in Figure 3.9(a): 
 2 4 6
( 4)
1 3 5
1 1 3 1
( )
4 2 8 4
Axial C Bi Bi Bi Bi
i i i
F L L L L   
  
               
 
(3.2) 
 
where ω is the magnitude of the triangular distributed or trapezoidal distributed load and LBi 
is the length of beam (Bi) 
 
2. Based on the influence area of each column, determine the corresponding live load reduction. 
For column C4, reduced axial force  is calculated as: 
 
 4
( 4) ( 4) ( 4)
1
'' 0.25 15 / 0.4Axial C i Axial C Axial C
i
F A F F

 
   
  
  
 
(3.3) 
 
where 
4
1
i
i
A

 is the total influence area (A1+A2+A3+A4).  
 
3. Estimate the axial force in the column due to the beam reduced live load only. For column C4, 
this axial force is approximated as: 
 
 2 4 6
( 4)
1 3 5
1 1 3 1
' ' ( ' ' ) '
4 2 8 4
Axial C Bi Bi Bi Bi
i i i
F L L L L   
  
               
 
(3.4) 
 
where ω’ is the reduced triangular or trapezoidal distributed load due to live load reduction 
(See Figure 3.9 (b)).  
 
4. Determine the difference in axial force calculated in Steps 2-3. For column C4, the difference 
in axial force is calculated as:  
 
 
( 4) ( 4) ( 4)
''' '' '
Axial C Axial C Axial C
F F F   
(3.5) 
   
5. Determine the uplifting “compensating force”, to be applied at the top of each column. For 
column C4, the compensating force is calculated as: 
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( 4) ( 4) ( 3)'''Compensating C Axial C Compensating CF F F   
 
(3.6) 
 
where ( 3)Compensating CF is the compensating force applied to column C3 which determined by 
repeating Steps 1-5. 
 
Based on the above procedure, the joint equilibrium is preserved providing for the possibility 
of using an iterative solution with consistent calculated displacements and internal member 
forces. A MATLAB script is developed to include live load reduction in 3D frame model. 
The script can be found in Appendix A.4. An illustrative example using SAP2000 and 
ABAQUS considering live load reduction is illustrated in Section 3.6.1.  
 
3.6.1 Illustrative examples 
 
The frame shown in Figure 3.9(a) subjected to gravity loads is selected as a sample frame to 
demonstrate the procedure for incorporating live load reduction using the compensating force 
method. A triangular distributed load of 15 kN/m is applied to the frame. Figure 3.10(a) and 
Figure 3.10(b) show the unreduced live load applied to the frame and the corresponding axial 
force diagram generated by SAP2000, respectively. Based on Equations 3.2–3.6, the 
compensating force can be calculated and the axial force diagram of the frame considering 
live load reduction can be obtained, as shown in Figure 3.11.  
 
  
(a) Applied load without consideration of live 
load reduction 
(b) Axial force diagram 
 
Figure 3.10: Sample frame subjected to gravity loading without live load reduction  
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(a) Compensating uplift force applied to 
columns 
(b) Axial force diagram consider live load 
reduction and compensating force 
 
Figure 3.11: Sample frame subjected to gravity loading considering live load reduction factor 
 
The frame is then modelled in ABAQUS using the compensating force method to investigate 
the effect of live load reduction on the frame ultimate strength. The comparison of frame 
failure modes and load-deflection curves is shown in Figure 3.12 and Figure 3.13, 
respectively.  
 
  
(a)  Without live load reduction (b) With live load reduction  
 
Figure 3.12: ABAQUS model 
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Figure 3.13: Comparison of load-deflection curves with and without live load reduction 
 
It can be seen from Figure 3.12(a) that the frame without considering live load reduction is 
failed by instability due to excessive axial force in the columns. However with consideration 
of live load reduction, the uplift compensating forces applied reduce the second-order effects 
and total load in columns and the frame is able to sustain additional loading in which the 
beams are yielded before the frame reaches the ultimate load carrying capacity. This can be 
seen in Figure 3.12(b). The ultimate load factors of the frame with and without considering 
live load reduction are 1.563 and 1.054, respectively. This indicates an increase of 48.2% in 
system strength when considering live load reduction. 
3.7 The modelling of rigid diaphragms 
The effect of floor slab is considered in this study. The floor slab is modeled by including a 
rigid diaphragm at each storey level [101, 102]. The rigid diaphragm is modelled in the 
analysis by kinematically constraining the planar translation and twist rotational degree of 
freedom of the nodes along the beams at each floor. The existences of rigid diaphragms 
provide lateral and torsional restraint to the beams but allow in-plane bending of beam in the 
vertical direction. The lateral response of floor “N” as shown in Figure 3.14 is characterised 
by two translations and one rotational degree of freedom (um, vm, θzm), located at the floor 
master node “m”. The displacements along the global x and y axes and the rotation about the z 
axis of any point on the floor slab, e.g., node “d”, are related to the degrees of freedom of 
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floor master node “m”. The floor master node is located in the center of stiffness of storey. 
The equations for this relationship are as follows: 
 
 
d m d zmu yu     (3.7) 
 
 
d m d zm
v xv     (3.8) 
 
 
zm zd
   (3.9) 
where ud, vd are the two translational degrees of freedom for node d and xd and yd are the 
distances between node d and master node m in the x-and y-directions respectively, which can 
be calculate as: 
 mdx x x    (3.10) 
 
 mdy y y    (3.11) 
where (xd, yd) and (xm, ym) are the global coordinates of nodes “d” and “m”, respectively. 
Following Equations 3.7-3.11, the rigid diaphragms at each level can then be implemented 
into the model. 
 
 
 
 
 
 
Figure 3.14: Floor transformation 
 
The rigid diaphragms can be introduced in ABAQUS through the use of the command 
“KINEMATIC COUPLING” which constraint the two translation (ud, vd) and one rotation 
degree of freedom (θzd) of the slave nodes d to the master node m. Figure 3.15 show an 
example of using “kinematic coupling” to model rigid diaphragm action in ABAQUS. 
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Figure 3.15: Example of using “*KINEMATIC COUPLING” to create a rigid diaphragm in 
ABAQUS 
 
3.8 Strength limit state 
For the gravity load combination, the loads are applied to the frame and proportionally 
increased to determine the failure load factor (  ) whereas for the gravity plus wind load 
combination a static nonlinear lateral pushover analysis is conducted in which the full gravity 
loads are applied first and then the wind load is gradually increased until structural failure 
occurs. In this case, the ultimate lateral load factor ( n) is determined in terms of the wind 
load capacity of the frame. The ultimate load of the frame is defined as the peak point of the 
load-displacement curve. If the load-displacement response does not have a descending 
branch, it is assumed that the ultimate strength is reached when the slope of the load-
displacement curve reduces to 5% of its initial value [102]. A python script is developed to 
determine the ultimate strength of the frames based on the two criteria, the scripts can be 
found in Appendix A.3.   
 
Figure 3.16 illustrates two types of commonly seen load-deflection curves in the study, of 
which Figure 3.16(a) is the case where a beam of an I-section frame failed by flexural-
torsional buckling and Figure 3.16(b) is the case where a HSS frame fails by extensive 
yielding of beams and columns. Figure 3.17 illustrates a flowchart to determine the ultimate 
strength of the frame based on load-deflection curve.  
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(a) I-section frame failing by flexural-
torsional buckling of beam, 
(b) HSS-section frame failing by yielding of beams 
and columns 
 
Figure 3.16: Load-deflection curves 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17: Flowchart for defining the ultimate strength of the frame 
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3.9 Formation of a plastic hinges  
3.9.1 Formation of plastic hinges in HSS 
 
The analysis performed in this study is a plastic zone analysis which models the spread of 
plasticity through the cross-section. The criterion for the occurrence of a “plastic hinge” is 
therefore based on the percentage of cross-sectional area that has yielded. To define this 
percentage, a HSS beam subjected to a point load at the mid-span as show in Figure 3.18 is 
analyzed using the plastic zone method and the plastic hinge method. The beam is made from 
Square Hollow Section (SHS) 250 × 250 × 16 with a Young’s modulus of 200 GPa and a 
yield stress of 450 MPa. 
 
 
Figure 3.18: A simply supported beam used to define yielding criterion 
 
The load-displacement curves plotted using the plastic hinge and plastic zone methods are 
shown in Figure 3.19, and as it can be seen when a plastic hinge is formed at the mid-span of 
the beam based on the plastic hinge method, 62.5% of the cross-section area was observed to 
be yielded based on plastic zone method. Thus it can be concluded that when a HSS 
beam/column has more than 62.5% of yielding in the cross-sectional area, the member can be 
classified as fully yielded.    
 
L =8 m 
P =100 kN 
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Figure 3.19: Load-displacement of a simply-supported beam for defining yieding criterion 
 
Galambos [103] mentioned that typically the structural system usually does not fail when one 
element fails but rather different combinations of element failure take place before reaching 
the point at where the entire structural system fails. For this reason, different failure modes 
must be considered. Beams as well as columns can be fully or partially yielded. If any beam 
or column cross-section is yielded by more than 62.5% of its area, the failure mode is 
categorised as Beam Fully Yielded (BFY) or Column Fully Yielded (CFY), respectively. If 
the yield ratio is less than 62.5 %, the failure mode is categorised as Beam Partially Yielded 
(BPY) or Column Partially Yielded (CPY).  
 
 
(a) Deformed Shape (b) von Mises stresses 
 
Figure 3.20: Failure mode of  Sway Frame 1 at ultimate limit state (CFY) 
Yielded section point 
Not yielded section point 
87.5% 
87.5% 
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(a) Deformed Shape (b) von Mises stresses 
 
Figure 3.21: Failure mode of Sway Frame 8 at ultimate limit state (BFY-CFY) 
 
 
 
 
(a) Deformed Shape (b) von Mises stresses 
 
Figure 3.22: Failure mode of Braced Frame 8 at ultimate limit state (BFY) 
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3.9.2 Formation of plastic hinges in I-section 
 
A fully laterally restrained simply supported beam with a point load acting at mid-span is 
considered using the plastic zone method and plastic hinge method. The beam is made from 
250UB37.3 with a Young’s modulus of 200 GPa and a yield stress of 320 MPa. The 
configuration and loading can be found in Figure 3.23(a). 
 
Since flexural-torsional buckling is prevented due to the presence of lateral restraints, the 
ultimate strength of the beam is reached, when there are enough plastic hinges developed to 
create a statically unstable mechanism. Figure 3.23(b) shows the load-deflection relationship 
when there is a plastic hinge formed. It can be seen that when the plastic hinge is formed at 
mid-span of the beam based on the plastic hinge method, 75% of the cross-section area was 
observed to be yielded based on plastic zone method. Thus it will be stated that for I-section 
that when beam/column has more than 75% of yielding in the cross-sectional area, the 
member can be classified as fully yielded.   
 
(a) Configuration 
P =100 kN 
L =8 m 
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(b) Load-deflection cruve 
 
Figure 3.23: Simply supported beam used to define yielding criteria 
 
3.9.3 Flexural-torsional buckling of I-section beams 
 
For I-sections without lateral restraints, flexural-tosional bucking often governs the limit 
strength design. Therefore, it is essential to define this type of failure mode. A simply 
supported beam under uniform bending proposed by Trahair [48, 71] is used to study the 
failure of flexural-torsional buckling in this study. The beam is analyzed using B31OS 
element with 7 degree of freedoms. A geometric imperfection is incorporated by scaling the 
first buckling mode to a magnitude of 0.001L and superimposing the scaled buckling mode 
onto the perfect geometry. Restraint against twisting and warping is provided at the beam 
ends. The length of the beam is adjusted to cover different failure modes (see Figure 3.24) 
consisting of (a) Fully plastic (short beam), (b) Inelastic flexural-torsional buckling 
(intermediate), (c) Elastic flexural-torsional buckling (long beam). 
 
 Yielded by compression 
 Yielded by tension 
 No yielded 
 Plastic hinge formed 
 
 
 
 
Chapter 3-Advanced Analysis Modelling of 3D Hot-rolled I-section and Cold-formed Hollow 
Steel Section Frame 
 
58 
 
   
Le/ry=5.78      Le/ry=115.9 Le/ry=260 
Figure 3.24: Member with different slenderness 
 
3.9.3.1 Short beam 
Figure 3.25 shows the load-deflection curve and the yielding of the cross-section area of a 
short beam. Since the length of the beam is within the plastic range, the failure of the beam is 
due to excessive yielding rather than flexural-torsional buckling. As it can be seen in Figure 
3.25, at the point where the plastic hinge is formed, the top flange and bottom flange is 
yielded by compression and tension, respectively, which implies that in this failure the cross-
section is yielded by 75% of its area. The percentage of the yielded cross-section area is 
further increased to 92.3% when the beam reaches its ultimate limit state. The stress 
distribution in the short beam case is the same as the result presented in Figure 3.19 as the 
failure mode in both cases are the same (BFY). 
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Figure 3.25: Load-deflection curve and section yield ratio for member with short length (BFY) 
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3.9.3.2 Intermediate beam 
The load-deflection curve and the longitudinal stress distribution of the cross-section at 
ultimate limit state for the beam with intermediate length are shown in Figure 3.26. When the 
member reaches the ultimate limit state (buckling occurs), yielding occurred typically in only 
one leg of the top and bottom flanges. This implies that in this failure less than 70% of the 
areas of the top and bottom flanges are yielded. The unequal stress distribution is primarily 
caused by the coupling of twisting and out-of-plane bending. 
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Figure 3.26: Load-deflection curve and section yield ratio for member with intermediate length 
(BFTB-BPY) 
 
3.9.3.3 Long beam 
Figure 3.27 shows the load-deflection curve and yielding of the cross-section for a long beam 
(elastic range). As it can be seen from the figure, a long beam suffers from elastic flexural-
torsional buckling. When the beam reaches the ultimate limit state, about 93% of the cross-
section area remains elastic with the occurrence of yielding in only one leg of compression 
flange. This is due to the fact that for a long beam, the twist restraints at the support have less 
effect on the beam's twisting deformation, and hence the large twisting and out-of-plane 
bending moments trigger the member instability before majority of the fiber within the cross-
section reaches its full plastification. 
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Figure 3.27: Load-deflection curve and section yield ratio for member with long length (BFTB-BPY) 
 
Based on the observation in Figures 3.25-3.27, it was observed that for beams failing by 
inelastic flexural-torsional buckling and elastic flexural-torsional buckling, the stress 
distribution in the compression flange is not equal due to the coupling of twisting and out-of-
plane bending. Consequently, only one leg of the compression flange is yielded which 
implied that less than 70% of the fibres within the flange are yielded. Thus, in this study, if 
the yield ratio in the compression flange is less than 70%, it is categorised as Beam Flexural-
Torsional Buckling (BFTB). Different frame failure modes based on the failure criterion are 
shown in Figures 3.28-3.30. 
 
 Yielded by compression 
 Yielded by tension 
 No yielded 
 Ultimate limit state 
 
 
 
 
 
Chapter 3-Advanced Analysis Modelling of 3D Hot-rolled I-section and Cold-formed Hollow 
Steel Section Frame 
 
61 
 
  
(a) Deformed Shape (b) von Mises stresses 
 
Figure 3.28:  Failure mode of Sway Frame 2 at ultimate limit state (BFTB-BPY-CPY) 
 
 
(a) Deformed Shape (b) von Mises stresses 
 
Figure 3.29: Failure mode of Sway Frame 5 at ultimate limit state (BFY-CFY) 
 
Section  yielding  ratio=7.7% 
Compression flange yield ratio=20% 
93.3% 
75% 
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(a) Deformed Shape (b) von Mises stresses 
 
Figure 3.30: Failure mode of Sway Frame 4 at ultimate limit state (BFY-CPY) 
 
3.9.4 Summary 
 
Based on the study outlined in Sections 3.9.1-3.9.3, the definition of different failure modes 
for HSS and I-section are summarised in Table 3.3. 
 
Table 3.3: Summary of different failure modes for I-section and HSS 
Failure modes I-section HSS 
BFY/CFY Section yield ratio ≥ 75% Section yield ratio ≥ 62.5% 
BPY/CPY Section yield ratio < 75% Section yield ratio < 62.5% 
BFTB 
Compression flange yield ratio 
< 70% 
N/A 
 
 
 
 
 
 
 
75% 
15% 
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3.10 Model calibration 
Eight benchmark problems are chosen to verify the accuracy of the developed 3D finite-
element model presented in this chapter.  
  
3.10.1 An I-section beam subjected to LTB 
 
An I-section beam is subjected to pure bending about its major axis, as shown in Figure 
3.31(a). The problem was previously analysed by Izzuddin and Smith [38]. The beam length 
(L=5.947 m) is chosen such that the elastic buckling load (Mcr) is close to the fully plastic 
collapse moment (Mp). An elastic perfectly plastic stress-strain curve is assumed for the 
material with a Young’s modulus (E=2105 MPa), a yield stress (σy=375 MPa) and a 
Poison’s ratio (v=0.3). A parabolic residual stress pattern is adopted in the analysis (see 
Figure 3.31 (b)). Restraint against twisting and warping is provided at the beam ends. The 
problem is modelled using ABAQUS open section beam elements (B31OS) with global mesh 
size of 200 mm (30 elements). A user subroutine (SIGINI) is used to incorporate the residual 
stress distribution into the model and a geometric imperfection is incorporated by scaling the 
first buckling mode to a magnitude of 0.001L and superimposing the scaled buckling mode 
onto the perfect geometry. The comparison of the load-displacement response produced using 
developed ABAQUS model and Izzuddin’s results are shown in Figure 3.32. The comparison 
demonstrates that the ABAQUS model with the use of B31OS elements is capable of 
predicting the load-displacement response of a beam failing by flexural-torsional buckling 
with and without the presence of residual stress.  
 
 
 
(a) I-section beam  
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 (b) Residual stress pattern (c) Section dimension 
 
Figure 3.31: I-section subjected to end moment 
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Figure 3.32: Load deflection curve 
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3.10.2 A two storey space frame 
 
A two storey frame shown in Figure 3.33 was previously analysed by Vogel& Maier [104]  
using a rigorous plastic zone solution with eight elements per member, and latter studied by 
Chiorean [105] using a refined plastic hinge method with one element per member. The 
cross-sections of the frame are American profiles W14 × 43 with a Young’s modulus 
(E=2105 MPa) and a shear modulus (G=80103 MPa). The yield stress of all members is 
243.8 MPa. The problem is modelled using ABAQUS with eight B31 six d.o.f beam elements 
per members. The deformed shape produced using the ABAQUS model at the ultimate load 
factor is shown in Figure 3.35. As can be observed from the von Mise stress plot in Figure 
3.35, there is significant yielding of columns especially in the lower level which eventually 
caused the collapse mechanism. A comparison of the load versus horizontal displacement 
response at the node A is depicted in Figure 3.34. With the reference load F=190 KN, there is 
very small discrepancy between the ultimate load load factors predicted by Vogel and Maier 
[104] using explicit plastic zone analysis (1.015), the plastic hinge analysis presented by 
Chiorean [105] and the current ABAQUS model (1.021).   
 
 
 
 
 
 
(a) 3D view (b) Top view 
Figure 3.33: Triangular space frame 
F 
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Figure 3.34: Load deflection curve of two storey space frame 
 
 
Figure 3.35: Failure mode of a two storey space frame generated by ABAQUS 
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3.10.3. A Six storey space steel frame  
 
A six storey space frame shown in Figure 3.36 was analysed by Orbison [32],  Liew [101] 
and Kim [26] using the plastic hinge method and subsequently by Jiang [27] using the 
rigorous plastic zone method. A36 steel is used for all sections with a Young’s modulus (E) 
of 206850 MPa, a yield stress (σy) of 250 MPa and a shear modulus G of 79293 MPa. The 
frame is subjected to a combined gravity loads and lateral loads acting in the Y-direction. An 
applied uniform floor pressure of 9.6 kN/m
2
 is converted into point loads applied to the 
columns at each floor level, and the wind pressure is modelled by point loads of 53.376 kN 
applied in the Y-direction at every beam-column joints. 
 
 
(a) 3D view 
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(b) Top view 
 
Figure 3.36: Six storey space frame [27] 
 
The six storey space frame is modelled in ABAQUS using B31 element with all members 
subdivided into 9 elements. The comparison of the load-deflection curves for the global X- 
and Y- directions at node A as predicted by the present ABQAQUS model and Jiangs’ 
analysis [27] are shown in Figure 3.37 and  an excellent agreement is achieved. 
 
As can be seen from Figure 3.38(a)-(b) that torsional actions are induced and the frame 
deforms in a twisting mode as the loads and structure are asymmetrical. Due to the change of 
the structural plan starting from the fourth storey, yielding occurs in beams and columns of 
the fourth storey due to significant torsional effect. The frame lost strength and collapsed in 
resisting the lateral loads due to yielding of columns in the fourth storey. Figure 3.38(a) 
shows the location of the plastic hinges as predicted by Liew’s plastic hinge method [101]. 
The results generated by the two analyses compare well. 
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Figure 3.37: Load-deflection curves for the six storey space frame 
 
 
(a) Generated by Liew’s plastic hinge method 
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(b) Generated by ABAQUS 
 
Figure 3.38: Comparison of  failure mode of the six storey frame  
 
 
3.10.4 A twenty storey space frame 
 
Figure 3.39 shows a twenty storey space frame. The frame was previously analysed by 
numerous researchers [36, 101, 105]. A50 steel is used for all cross-sections with a Young’s 
modulus (E) of E=2×10
5
 MPa and a yield stress (σy) of 344.8 MPa. Dimensions and section 
properties are shown in Figure 3.39. The frame is analysed for the combination of vertical 
gravity loads 4.8 kN/m2 and wind loads 0.96 kN/m2 acting in the Y-direction. Rigid floor 
diaphragms are assumed in the global analysis.  
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(a) 3D view 
 
 
 
 
 
 
 
 
(b) Top view  (c) Front view 
 
Figure 3.39: Two-storey space frame [101] 
Right Left 
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The frame is modelled using ABAQUS B31 element with 25 elements per member. The 
load-deflection curves of Node A and Node B at the top of the frame are used to compare 
with the result provided by Liew [101] as shown in Figure 3.40. Excellent agreement is 
achieved in which both methods result in the same ultimate load factor (λultimate) of 1.04. The 
failure of the frame predicted by the ABAQUS model is shown in Figure 3.41(a). Because 
the space frame is asymmetry in plan, the resultant of the Y-direction wind loads is not 
aligned with the centre of lateral stiffness, and torsional displacements are induced. This is 
indicated by the difference in the lateral deflections at nodes A and B. As the centre of lateral 
stiffness shifted to the right side of the frame (with respect to the front view as indicated in 
Figure 3.39(c)) due to yielding of the left half of the frame as shown in Figure 3.41(a), the 
eccentricity of the lateral load increased and greater torsional displacement at node A is 
induced to counteract the lateral displacement at node B. The pronounced yielding members 
predicted by the ABAQUS analysis is consistent with that the formation of plastic hinges 
predicted by Liew’s plastic hinge method [106] as presented in Figure 3.41.  
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Figure 3.40: Load deflection curves for twenty storey space frame 
 
Chapter 3-Advanced Analysis Modelling of 3D Hot-rolled I-section and Cold-formed Hollow 
Steel Section Frame 
 
73 
 
                              
  
(a) Failure mode generated by ABAQUS (b) Failure mode generated by Liew’s plastic 
hinge method 
 
Figure 3.41: Comparison of  failure mode of twenty storey frame 
3.10.5 A two storey space frame 
 
A two storey space frame depicted in Figure 3.42 was previously studied by De Souza [107] 
using a force-based method and recently analysed by Thai and Kim using the plastic hinge 
method [108]. Young’s modulus, Poisson’s ratio, and the yield stress of the material are 
E=19613 MPa, v=0.3 and σy=98 MPa, respectively.  
 
The frame is modelled using ABAQUS B31 elements with 25 elements for each column and 
beam. Figure 3.43 shows the comparison of load-deflection responses of the frame using the 
ABAQUS model and De Souza’s model. The frame ultimate load factors are predicted to be 
133.6 KN and 128.5 KN for the ABAQUS model and De Souza’s model, respectively.  
Figure 3.44 shows the spread of yielding of the frame at its ultimate load strength. 
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Figure 3.42: Two story space frame [107] 
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Figure 3.43: Load-deflection curves for two storey space frame 
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Figure 3.44: Failure mode of two storey space frame predicted by ABAQUS model 
 
3.10.6 Harrison’s space frame 
 
An equilateral triangular space frame depicted in Figure 3.45 was tested by Harrison [109] in 
the J.W Roderick Laboratory for Materials and Structures at the University of Sydney and 
latter studied by Teh and Clarke [39] and Jiang [27]. This frame is used by many researchers 
as benchmark problem for the calibration of second-order inelastic analysis programs. 
 
The frame is modelled in ABAQUS using a box section profile with discretization of 16 
section points across the flanges and webs (see Figure 3.2(b)). The load-deflection response 
of the frame predicted by the ABAQUS model with discretization of 16 elements per beam 
and 8 elements per column compares well with the result of Teh and Clarke’s plastic zone 
method. The ultimate load that the frame can withstand is predicted to be 130.89 KN by both 
models. The comparison of load-deflection curves and the frame deformed shape at ultimate 
strength can be found in Figure 3.46 and Figure 3.47, respectively. It should be mentioned 
that compared to Harrison’s test results, the load deflection-response of the frame predicted 
by the ABAQUS model seem to be on the stiff side. This is caused by the flexibility of the 
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support in the test as the column bases of the space frame were welded to steel plates 
clamped to steel joists flanges [109]. 
 
 
Figure 3.45: Harrison’s space frame [109] 
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Figure 3.46: Load-deflection curves for Harrison’s space frame 
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Figure 3.47: Failure mode of Harrison’s space frame predicted by ABAQUS model 
3.11 Convergence study 
Finite-element models are generally sensitive to element mesh size. To understand how the 
ultimate frame strength is affected by the mesh size and thereby to choose an optimum mesh 
size to model the accurate structural behavior, a mesh convergence study is performed in this 
section for a two storey HSS space frame and a six storey I-section space frame. Both frames 
were calibrated in Section 3.10. The relationships between the frame ultimate strength 
generated using ABAQUS nonlinear inelastic analysis and associated number of elements 
used for the two storey and six storey space frame are illustrated in Figure 3.48 and Figure 
3.49, respectively. As can be observed from both figures, when a certain number of elements 
per member are reached, the frame ultimate load factor remains unchanged for both frames. 
Therefore, to accurately predict the structural response of the frames using the ABAQUS 
model, the mesh size should not be coarser than the identified minimum number of elements 
per member. 
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(a) Ultimate load factor vs number of elements per member, ABAQUS, two-storey space frame 
 
 
(b) Load-deflection curves for a two storey space frame with different mesh sizes 
 
Figure 3.48: Mesh convergence study for a two storey frame  
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(a) Ultimate load factor vs number of elements used 
 
(b) Load-deflection curves for a six storey space frame with different mesh sizes 
 
Figure 3.49: Mesh convergence study for a six storey space frame  
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It should be noticed that although the elastic behavior of the frame can be captured by using a 
coarser mesh, the spread of plasticity in beams and columns can only be accurately captured 
if short elements are used in the ABAQUS model. Since various frames with different 
configurations and member lengths which range from 4 meters to 10 meters are considered in 
this study, a global mesh size of 200 mm was chosen which suggests a consistent mesh size 
in all frames regardless of member lengths and frame configurations. This results in typically 
20-50 elements for each member in the frame. 
3.12 Conclusion 
Advanced analysis can simplify the design process and directly access the consequence of the 
failure of the structure if the finite-element model is rigorously implemented. In this chapter, 
geometric and material nonlinear finite-element models for 3D steel frames were 
implemented. Details about element selection, material properties, residual stress and initial 
geometric imperfections for both HSS and I-sections were discussed. The implementation of 
live load reduction and rigid diaphragms into advanced analysis were also outlined. The 
finite-element model was verified against various frame analysis results available in the 
literatures, and excellent agreements were achieved. A convergence study was conducted and 
it was found that a mesh size of 200 mm is sufficient, resulting in typically 20-50 elements 
per beam/column member. 
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Chapter 4-Modelling of Initial Geometric Imperfections 
for 3D Steel Frames  
4.1 Introduction 
Steel structural members and frames are not perfectly straight. Rather, manufacturing 
processes introduce initial geometric imperfections which reduce the strength of a member. 
In the early 1950s, large discrepancies were found between theoretical and experimental 
buckling loads of members. The discrepancies remained largely unexplained until the work 
of Koiter [110] who found that the differences are caused by small unavoidable imperfections. 
The discrepancy can be reduced by modelling geometric imperfections to determine the load 
carrying capacity of a steel frame. In general, two types of geometric imperfections should be 
taken into account: (i) the member out-of-straightness (bow imperfection) and (ii) the frame 
out-of–plumbness (sway imperfection).  
 
In reality, both initial out-of-straightness and out-of-plumbness are randomly distributed, and 
a rational modelling of geometric imperfections can only be achieved by using probabilistic 
methods. The modelling of geometric imperfections for three-dimensional steel frames is 
significantly more complex than for single members or two dimensional frames due to the 
inherent spatial variations in the imperfection pattern as well as the uncertainty in the 
magnitude of the initial geometric imperfections.  
 
Various approaches were reported in the literature for modelling the effects of geometric 
imperfection in 2D advanced structural analysis, including the notional horizontal load 
method [111], the reduction of member stiffness method [72], and the explicit modelling of 
initial geometric imperfections [68]. These methods were discussed in Chapter 2. However 
the extension of these methods to three-dimensional steel frames remains unclear. 
The present study is concerned with developing a new method for modelling initial geometric 
imperfections in inelastic second-order analysis as a linear superposition of a certain number 
of scaled elastic buckling modes for 3D I-section frames and it is also proposed to use the 
notional horizontal load method to model initial geometric imperfections in 3D HSS frames. 
Available statistics of initial geometric imperfections for I-section frames and HSS are 
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presented and probabilistic methods are used to find suitable numbers of buckling modes to 
incorporate into the analysis including their magnitude. The current proposed methods are 
verified through a comprehensive probabilistic study. The proposed procedures can be readily 
implemented into 3D frame models. 
4.2 Statistical data for initial geometric imperfection 
4.2.1 I-section 
 
In this study, the shape and magnitude of out-of-straightness are treated as random variables. 
Therefore, detailed measurements of initial imperfections along the length of the member are 
needed to obtain the statistics of initial out-of-straightness. This approach is based on the 
superposition of elastic buckling modes. Assume that a sample of N members is available and 
the out-of straightness in the strong axis (sa) and weak axis (wa) directions of each member at 
the quarter points and mid-span are measured. The directions of strong-axis and weak-axis 
bending can be found in Figure 4.1. 
 
 
Figure 4.1: Strong axis and weak axis bending for I-section 
 
Extending the method presented in [112] to 3D steel frame analysis, the scale factors of the 
first three buckling modes for a member under compression buckling in strong and weak axis 
directions, denoted as ( 1( )saa , 2( )saa 3( )saa 1( )waa 2( )waa 3( )waa ) can be found by solving the 
following two sets of three equations for each member: 
 
Weak axis 
Strong axis 
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(4.2) 
where 
x
sa  and
x
wa denote the initial out-of-straightness along the strong-axis and weak-axis 
directions, respectively and x   [0,1] is the normalised coordinate along the length of the 
member. ( )x saa and ( )x waa  are the magnitudes of the scale factor for the strong-axis and weak-
axis directions, respectively. The first three modes of the member under compression are 
shown in Figure 4.2(a)-(c).  
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Figure 4.2: First three elastic buckling modes for member under compression 
 
Chapter 4- Modelling of Initial Geometric Imperfection for 3D Steel Frames 
 
85 
 
The statistics of out-of-straightness used for I-sections in this study are based on the statistical 
measurement of nine IPE 160 columns carried out at University of Politecnico di Milano [113] 
and published by ECCS Committee 8.1 [114]. In this report data, the magnitudes of initial 
geometric imperfections at the quarter length and mid length of the member in the strong axis 
and weak axis directions were explicitly reported. Firstly, the actual measurements are 
normalised by dividing the measurements by the length of the member as presented in Table 
4.1. The three readings of out-of straightness were then expressed as a linear combination of 
the first three buckling modes as shown in Figure 4.2. The statistical data of the scaled factors 
for both principal axes which are non-dimensionalised with respect to the member length (L) 
are summarized in Table 4.1, as obtained using Equations 4.1- 4.2.   
Table 4.1: Scale factors of the first three buckling modes 
Sample 
no. 
Strong axis Weak axis 
1( )saa
L
 
2( )saa
L
 
3( )saa
L
 
1( )waa
L
 
2( )waa
L
 
3( )waa
L
 
1 0.000504 0.000076 0.000003 0.000042 -0.000009 0.000002 
2 0.000294 0.000010 0.000029 0.000127 0.000063 0.000018 
3 0.000112 0.000097 0.000024 0.000568 0.000357 0.000112 
4 0.000032 0.000062 0.000016 0.000179 0.000037 0.000002 
5 0.000279 0.000076 0.000035 0.000317 0.000177 0.000014 
6 0.000094 0.000037 0.000015 0.000034 0.000011 0.000034 
7 0.000007 0.000039 0.000007 0.000017 0.000066 0.000068 
8 0.000246 0.000029 0.000022 0.000107 0.000126 0.000055 
9 0.000337 0.000052 0.000103 0.000079 0.000023 0.000010 
Mean 0.000212 0.000053 0.000028 0.000163 0.000095 0.000035 
COV(%) 76.8 51.1 106.5 108.7 120.8 104.7 
 
To be comparable with the mean mid-span imperfection of L/1996 provided by Fukumoto 
and Itoh [115] which is recognized as a more representative value for mid-span imperfection 
because it is based on a large number (428 samples) of readings, the mean values of scale 
factors for the strong axis and weak axis directions are scaled up by factors of 2.62 and 3.75, 
respectively while keeping the COVs unchanged. The scale factors of 2.62 and 3.75 are 
obtained by assuming that of the first three buckling modes for a single member, only the 
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first and third modes have an effect on the mid-span imperfection (see Figure 4.2), and thus, 
after applying the scale factors of 2.62 and 3.75 for the directions of strong axis and weak 
axis, respectively, the mean value of the magnitude of initial out-of straightness at mid-span 
of a single member is 1/2000 for both directions. The distribution of the scale factors based 
on the small amount of available data was found to be approximate normal.  
Table 4.2: Statistical characteristic of scale factors in strong axis direction  
Strong-axis 
1( )saa
L
 
2( )saa
L
 
3( )saa
L
 
  0.000556 0.000139 0.000073 
(%)COV  76.8 51.1 106.5 
Distribution Normal Normal Normal 
 
Table 4.3: Statistical characteristic of scale factors in weak axis direction 
Weak-axis 
1( )waa
L
 
2( )waa
L
 
3( )waa
L
 
  0.000613 0.000362 0.000132 
(%)COV  108.7 120.8 104.7 
Distribution Normal Normal Normal 
 
Using the statistics presented in Table 4.2 and Table 4.3, and combining the equations 
(Equations 4.1-4.2) for the first three buckling modes for the strong axis and weak axis 
directions, respectively, random initial imperfections can be generated along a member in 
different directions. Since in actual structures, the direction of the imperfection is arbitrary 
and has an equal chance of occurring in either direction, a random sign is generated (+1 or -1) 
for each scale factor to represent the direction of the imperfections.  
In addition, the out-of-plumbness may be superimposed to the imperfections of columns of 
the frames. The statistics of out-of-plumbness (  ) were obtained based on 1760 
measurements reported by Linder and Giezelt [116]. The histogram of these data is presented 
in Figure 4.3(a) and appears to be normally distributed. In the simulation, it was assumed that 
all the columns lean in the same direction, so a single value of random out-of-plumbness is 
generated for each direction in each simulation.  
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(a)With sign (b) Absolute 
Figure 4.3: Out-of-plumb statistics reported by Lindner and Giezelt ([116]) 
 
4.2.2 Hollow steel section 
 
The statistics of the out-of-straightness for Hollow Steel Section (HSS) was reported in [117] 
based on three sets of data, one from the University of Politecnico di Milano [118] and two 
from the University of Sydney, Wilkinson [119] and Key [120]. The distributions of the three 
non-dimensionised scale factors ( 1a , 2a , 3a ) are plotted in Figure 4.4 with statistics 
summarised in Table 4.4. The best fitting distribution is lognormal. It should be mentioned 
that the statistics of scale factors derived in Table 4.4 are used for both axes of hollow steel 
sections. 
 
Table 4.4: Statistical data of scale factors for HSS 
Scale factor 1
a
L
 
2a
L
 
3a
L
 
  0.000126 0.0000408 0.000022 
  0.000162 0.0000516 0.0000281 
(%)COV  129 126 127 
Distribution Lognormal Lognormal Lognormal 
  
μ=0.00002 
σ=0.000173 
n=1760 
μ=0.0013 
σ=0.00114 
n=1760 
COV=0.88 
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(b) Normalised scale factor 
2a  
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(c) Normalised scale factor 
3a  
 
Figure 4.4: Statistical distribution for the three scale factors 
 
Using the statistical data provided in Table 4.4, random member imperfections can be 
generated into the finite-element model. A random sign is also generated (+1 or -1) for each 
scale factor to represent the direction of the imperfection.  
 
Furthermore, there is no data for the out-of-plumbness of HSS frames, so the statistical data 
for the out-of-plumbness of I-section frames reported by Linder [121] (see Figure 4.3) is also 
applied to HSS frames.  
 
4.3 Modelling of initial geometric imperfection for I-section 
frames 
Conventional methods for modelling initial geometric imperfections in advanced analysis are 
conservative and present difficulties such as manually offsetting node coordinates and 
reducing the stiffness of members. A new method based on the combination of a limited 
number of elastic buckling modes which are used to trigger instability of the structure is 
introduced in this study. When a structure reaches its ultimate load, the imperfections of those 
Chapter 4- Modelling of Initial Geometric Imperfection for 3D Steel Frames 
 
90 
 
modes whose buckling load is close to the squash load greatly influence the behavior of the 
structure [122]. If the buckling load of the first mode is not close to the ultimate load, this 
mode may not represent the critical shape of the initial geometric imperfection and therefore 
a combination of elastic buckling modes is more appropriate. 
 
For cold-formed steel structures, several studies have been carried out to model local and 
global perturbations in the geometry as a linear superposition of buckling modes with scale 
factors based on measurements [122, 123]. The development of such a method for hot-rolled 
steel members requires detailed measurements of initial imperfections along the length of the 
member. To apply this method to hot-rolled steel frames, a probabilistic approach is proposed 
in this study to determine a suitable number of buckling modes and their magnitudes for 
modelling initial geometric imperfections. 
 
4.3.1 Study to find the appropriate amplitudes of the buckling modes for I-
section frames            
 
In order to apply the linear combination of buckling modes for modelling initial geometric 
imperfections, the magnitude and contribution of each mode must be determined. The steps 
for determining the magnitude and contribution of the mode are summarised in the following 
steps: 
 
1. For each member of the frame, random imperfections (out-of-straightness) were 
generated for the member for both strong and weak axis bending based on Equations 4.1-
4.2. The statistical data for the six scale factors of the elastic buckling modes are 
summarised in Table 4.2 and Table 4.3. 
 
2. Out-of-plumbness is randomly generated based on the data summarised in Figure 4.3 and 
superimposed to the columns. 
 
3. Elastic buckling analyses are performed using FE software ABAQUS to obtain the first 9 
buckling modes. In the buckling analyses of sway frames, the frames were assumed to 
have rigid diaphragms at each floor level. The errors which identify the difference 
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between the randomly generated shapes of imperfections and the deformation of buckling 
modes can be obtained using Equation 4.3. 
 
 ( ) ( ) 2 ( ) ( ) 2
1 1 1
[( ) ( ) ]
n m msa j sa wa j wa
i j i i j ii j j
Error      
  
       (4.3) 
where sai
wa
i  are the randomly generated imperfections at node i in the directions of 
strong axis and weak axis, respectively and ( )j sai
( )j wa
i are the deformation of node i in 
buckling mode j, in the directions of strong and weak-axis. j  
is the scaling factor for 
mode j, m is the number of modes and n is the total number of frame nodes. 
 
4. To perform the least square error approximation for a given frame layout using Equation 
4.9, the scaling factors (                 were obtained for each of 200 randomly 
generated frame imperfections. However it is obvious that these factors depend on the 
frame geometry, thus in order to make them comparable, the scaling factors are non-
dimensionalised by dividing by either the height of the building or the length of member 
depending on whether the corresponding buckling mode is frame buckling mode or 
member buckling mode (a frame sway buckling mode is defined as modes with maximum 
deformation at the top of the frame whereas the maximum deformation is occurring 
within the member in member buckling modes).  
 
 
0 where 1,2...  is the scale factor for m  modeth
j
Error
j m


 

 
(4.4) 
 
5.  Steps 1-4 are repeated for different frame configurations and the average non-
dimensional scale factors ( j ) can be then obtained. 
 
Ten I-section sway and braced frames were chosen in this study to derive the scale factors for 
the buckling modes. The frames were chosen to represent typical low-to-mid rise moment 
resisting frames with regular and irregular configurations and were subjected to gravity loads. 
The average scale factor ( j ) calculated for the ten sway and braced frames are presented in 
Table 4.5 and Table 4.6, respectively.  
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Table 4.5: Scale factors of each mode to model initial geometric imperfections for sway frames 
  
1  2  3  4  5  6  7  8  9  
1 Mode 0.00138                  
2 Modes 0.00138  0.00012                
3 Modes 0.00135  0.00022  0.00006              
4 Modes 0.00135  0.00022  0.00006  0.00008            
5 Modes 0.00133  0.00024  0.00007  0.00009  0.00013          
6 Modes 0.00132  0.00024  0.00007  0.00008  0.00013  0.00022        
7 Modes 0.00132  0.00024  0.00007  0.00008  0.00013  0.00022  0.00014      
8 Modes 0.00132  0.00024  0.00007  0.00012  0.00013  0.00022  0.00014  0.00013    
9 Modes 0.00129  0.00025  0.00007  0.00012  0.00013  0.00022  0.00014  0.00013  0.00013  
 
Table 4.6: Scale factors of each mode to model initial geometric imperfections for braced frames 
  
1  2  3  4  5  6  7  8  9  
1 Mode 0.00039                  
2 Modes 0.00039  0.00031                
3 Modes 0.00040  0.00042  0.00038              
4 Modes 0.00056  0.00040  0.00038  0.00044            
5 Modes 0.00056  0.00040  0.00038  0.00044  0.00021          
6 Modes 0.00056  0.00040  0.00038  0.00044  0.00021  0.00021        
7 Modes 0.00056  0.00041  0.00039  0.00044  0.00021  0.00021  0.00021      
8 Modes 0.00057  0.00041  0.00040  0.00046  0.00021  0.00021  0.00021  0.00022    
9 Modes 0.00057  0.00041  0.00040  0.00046  0.00021  0.00021  0.00021  0.00022  0.00017  
 
To obtain the contribution of each mode to model the imperfections, the average non-
dimensional scale factor ( j ) is expressed as the product of the contribution of each mode 
(  ) and a single factor (F) as shown in Table 4.7 and Table 4.8 for the sway and braced 
frames, respectively. The actual imperfection amplitude (  ) to be incorporated into finite- 
element analyses can be obtained using Equation 4.5 and Equation 4.6. 
 
j
j m
jj
C




 
(4.5) 
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Table 4.7: Contribution of each mode to model initial geometric imperfections for sway frames 
  C1 C2 C3 C4 C5 C6 C7 C8 C9 F 
1 Mode 1   
       
0.00138 
2 Modes 0.922 0.078 
       
0.0015 
3 Modes 0.831 0.132 0.037 
      
0.00163 
4 Modes 0.79 0.126 0.036 0.049 
     
0.00171 
5 Modes 0.718 0.13 0.036 0.046 0.07 
    
0.00185 
6 Modes 0.642 0.116 0.033 0.041 0.063 0.105 
   
0.00206 
7 Modes 0.602 0.108 0.03 0.038 0.059 0.099 0.064 
  
0.0022 
8 Modes 0.559 0.102 0.028 0.05 0.055 0.092 0.059 0.054 
 
0.00237 
9 Modes 0.521 0.102 0.027 0.047 0.054 0.088 0.056 0.053 0.053 0.00248 
 
Table 4.8: Contribution of each mode to model initial geometric imperfection for braced frames 
 
C1 C2 C3 C4 C5 C6 C7 C8 C9 F 
1 Mode 1.000 
        
0.00039 
2 Modes 0.554 0.446 
       
0.00070 
3 Modes 0.334 0.349 0.317 
      
0.00119 
4 Modes 0.315 0.226 0.213 0.246 
     
0.00178 
5 Modes 0.283 0.202 0.191 0.221 0.103 
    
0.00198 
6 Modes 0.256 0.183 0.173 0.200 0.094 0.094 
   
0.00219 
7 Modes 0.232 0.168 0.163 0.181 0.085 0.085 0.086 
  
0.00241 
8 Modes 0.213 0.152 0.148 0.173 0.077 0.077 0.078 0.081 
 
0.00266 
9 Modes 0.200 0.143 0.139 0.162 0.072 0.072 0.073 0.077 0.061 0.00284 
 
Based on the results presented in Table 4.7 and Table 4.8, it can be seen that the scale factors 
for different modes are similar for braced frames as all buckling modes are representing out-
of-straightness, whereas the scale factor for the first mode for sway frames is much higher 
than the scale factors for the other modes since the first mode is representing sway 
imperfection (out-of-plumbness).  
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4.3.2 Study to find appropriate number of buckling modes 
 
4.3.2.1 Sway frames 
To find the optimal number of elastic buckling modes using the proposed factors (    , 
advanced analyses are performed for 3 sway frames with and without the assumption of rigid 
diaphragms (Figure 4.5). A global meshsize of 200 mm was selected for represent the beams 
and columns based on the sensitivity analysis carried out in Chapter 3. For all frames, the 
span length (   and storey height ( ) are both 6000 mm and are the same in all levels. 
Uniform vertical loads are applied at the top of each column. 200 random geometric 
imperfections are produced for each of the frames using the statistics of out-of-straightness 
and out-of-plumbness summarised for I-section. The randomly generated member and sway 
imperfections must then be multiplied by the member span lengths (L,h) and height of the 
frame ( ), respectively, as the scale factos shown in Table 4.5 are non-dimensionalised. The 
ultimate load factors obtained from advanced analyses by using 1 to 9 elastic buckling modes 
to model the imperfections are then compared with the mean ultimate load factor of the 200 
randomly generated shapes for each frame. The errors are reported in Table 4.9 and Table 
4.10. 
 
 
 
(a) Frame 1 (b) Frame 2 (c) Frame 3 
   
Figure 4.5: Configuration of sway frames 
 
Table 4.9: Errors (%) for sway frames without rigid diaphragms 
Error (%) Frame 1 Frame 2 Frame 3 Average 
1 Mode 2.466 1.850 0.949 1.755 
2 Modes 2.462 1.861 0.903 1.742 
3 Modes 2.244 1.663 1.062 1.656 
L H 
h 
L L 
h 
H 
H 
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4 Modes 2.244 1.681 1.057 1.661 
5 Modes 2.014 1.469 1.211 1.564 
6 Modes 2.014 1.469 1.200 1.561 
7 Modes 2.018 1.458 1.182 1.552 
8 Modes 2.003 1.449 1.193 1.548 
9 Modes 1.762 1.236 1.406 1.468 
 
Table 4.10: Errors (%) for sway frames with rigid diaphragms 
Error (%) Frame 1 Frame 2 Frame 3 Average 
1 Mode 2.662 1.263 0.195 1.373 
2 Modes 2.658 1.207 0.177 1.347 
3 Modes 2.440 0.983 0.021 1.148 
4 Modes 2.440 0.982 0.016 1.146 
5 Modes 2.210 0.781 0.153 1.048 
6 Modes 2.210 0.781 0.150 1.047 
7 Modes 2.213 0.780 0.138 1.043 
8 Modes 2.198 0.770 0.148 1.039 
9 Modes 1.929 0.548 0.344 0.940 
 
From Table 4.9 and Table 4.10, the following observations can be made: 
 
 By considering 1 to 9 modes, the average errors (%) decreases from 1.755% to 1.468% 
for frames without rigid diaphragms and from 1.373% to 0.940% for frames with rigid 
diaphragms. 
 
 Although increasing the number of modes can provide better representation of the initial 
geometric imperfections, including only the first buckling mode does not result in any 
significant average error from the mean of the ultimate load factors. 
 
 It was observed that there is noticeable reduction in average errors in changing from 2 
modes to 3 modes, with about 4.9% and 14.8%, respectively, for frames without and with 
rigid diaphragms. Although using the first nine modes has the smallest average error, 
from a practical point of view, using the first three modes may produce fairly accurate 
results regardless of the presence of rigid diaphragms. 
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4.3.2.2 Braced frames 
Two braced frames with configurations shown in Figure 4.6 are used to find the optimal 
number of elastic buckling modes for modelling the initial geometric imperfections in braced 
frames. The procedure for finding the optimal number of mode is outlined in Section 4.3.2.1. 
The errors obtained when using 1 to 9 modes to model the imperfections are presented in 
Table 4.11. 
 
  
(a) Frame 1 (b) Frame 2 
Figure 4.6: Configuration of braced frames 
 
As Table 4.11 shows, including only the first mode results in a smaller average error than 
considering more modes. This is due to the fact that the ultimate limit deformation for braced 
frames is similar to the first buckling mode, and hence the actual failure mode can be 
triggered by scaling only the first mode. However the second buckling mode is similar in 
magnitude but tends to be in opposite directions, hence including more modes reduces the 
effect of imperfections.  
 
Table 4.11: Error (%) for braced frames 
Brace frames Frame 1  Frame 2 Average 
1 Mode 0.795  0.452  0.623  
2 Modes 3.971  2.665  3.318  
3 Modes 1.744  3.550  2.647  
4 Modes 4.878  3.234  4.056  
5 Modes 4.959  3.302  4.130  
6 Modes 4.409  3.181  3.795  
L 
h 
h 
L 
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7 Modes 4.412  3.155  3.784  
8 Modes 4.132  3.047  3.589  
9 Modes 4.187  3.260  3.724  
 
The results for braced frames indicate that only including the first buckling mode is sufficient 
for predicting the actual mean of the ultimate load factors of braced frames.  
4.4 Modelling of initial geometric imperfections for HSS frames 
4.4.1 Sway frames 
 
The linear combination of elastic buckling modes method proposed for I-section frames 
presented in Section 4.3 is capable of modelling the initial geometric imperfections including 
out-of-straightness and out-of-plumbness. Since the magnitude of out-of-straightness as 
summarised in Table 4.4 for HSS are relatively small compared to the magnitudes for I-
sections. Therefore, it is assumed that geometric imperfections in HSS sway frames can be 
sufficiently accounted for by only including the sway imperfection (out-of-plumbness). The 
accuracy of this assumption is verified in subsequent section. The Notional Horizontal Load 
(NHL) method with applying notional lateral loads in different directions is proposed for 
modelling the initial geometric imperfections for 3D HSS sway frames. The basic idea of the 
equivalent notional load method is illustrated in Figure 4.7 using a cantilever column. The 
moment IMM caused by the vertical load in combination with the out-of-plumbness (Ψ) at the 
base of the column is expressed as: 
 
 cIMM PL  (4.7) 
where P is the vertical load and Lc is the length of the member. The moment caused by the 
notional load denoted as NLM is expressed as: 
 
 
cNLM PL  (4.8) 
where  is an equivalent notional load factor. Since the magnitudes of IMM and NLM are the 
same, the notional load factor is thus equivalent to Ψ. 
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Figure 4.7: Notional horizontal load method 
 
4.4.1.1 Study to find the notional load factor 
In order to apply the NHL for modelling initial geometric imperfections, the magnitudes of 
the notional loads in different directions are required. Since for HSS sway frames, the first 
two buckling modes are sway modes in two different translational directions as shown in 
Figure 4.8, the scale factors for the first two sway modes can be treated as the notional 
horizontal load factors for the two directions. The directions of the axis can be found in 
Figure 4.8. Error minimization is performed to find the load factors for the first two buckling 
modes. The procedures of performing error minimization are described in Section 4.3.1.  
 
  
1st mode 2nd mode 
 
Figure 4.8: First two buckling modes of HSS sway frame 
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The scale factors (load factors) are derived based on ten sway frames with use of HSS and 
summarised in Table 4.12. As expected, the shapes of the first two buckling modes are 
identical but in different directions, thus the load factors in two directions are the same. 
 
Table 4.12: Horizontal notional load factors 
 Fx Fz 
1 0.00138  
2 0.00138 0.00138 
 
4.4.2. Braced frames 
 
Since it is not practical to use the NHL method for modelling the initial geometric 
imperfections for braced frames because loads must be applied at mid-span of every members 
of the frame to account for the member imperfections [111], the scaling of buckling mode 
method is used for modelling initial geometric imperfections of HSS braced frames. The 
procedures for deriving the scale factors for the buckling modes are outlined in Section 4.3.1 
and the magnitudes of the scale factors are presented in Table 4.13. The contribution of the 
buckling mode is also presented in Table 4.14.  
 
Table 4.13: Scale factor of each mode to model initial geometric imperfections for HSS braced frames 
 1
  2  3  4  5  6  7  
1 Mode 0.000075 
      
2 Modes 0.000075 0.000071 
     
3 Modes 0.000075 0.000071 0.000070 
    
4 Modes 0.000075 0.000071 0.000070 0.000066 
   
5 Modes 0.000077 0.000071 0.000070 0.000066 0.000075 
  
6 Modes 0.0000777 0.0000752 0.0000702 0.0000665 0.0000748 0.0000905 
 
7 Modes 0.0000790 0.0000757 0.0000711 0.0000673 0.0000748 0.0000905 0.0000834 
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Table 4.14: Contribution of each mode to model initial geometric imperfections for HSS brace frames 
 
C1 C2 C3 C4 C5 C6 C7 F 
1 Mode 1.000       0.00007549 
2 Modes 0.516 0.484      0.00014637 
3 Modes 0.348 0.327 0.324     0.00021662 
4 Modes 0.267 0.250 0.248 0.235    0.00028312 
5 Modes 0.213 0.197 0.196 0.185 0.208   0.00035900 
6 Modes 0.171 0.165 0.154 0.146 0.164 0.199  0.00045488 
7 Modes 0.146 0.140 0.131 0.124 0.138 0.167 0.154 0.00054190 
 
Two braced frames with configurations shown in Figure 4.6 were used to find the optimal 
number of elastic buckling modes for modelling the initial geometric imperfections of braced 
frames.  The errors of considering 1 to 7 modes to model these imperfections are presented in 
Table 4.15. 
Table 4.15: Error (%) for HSS braced frames 
 Frame 1  Frame 2 Average 
1 Mode 0.265 0.588 0.426 
2 Modes 1.324 3.465 2.394 
3 Modes 0.581 4.615 2.598 
4 Modes 1.626 4.204 2.915 
5 Modes 1.653 4.293 2.973 
6 Modes 1.470 4.135 2.802 
7 Modes 1.471 4.102 2.786 
 
Table 4.15 shows that including only the first mode resulting in a smaller average error than 
when more modes more modes were considered. As a result, one buckling mode is used to 
model the initial geometric imperfection for HSS braced frames. 
 
4.5 Verification and illustrative examples  
The application of the proposed scale factors for the linear combination of buckling mode 
method for I-section frames and the notional horizontal load method for HSS sway frames, 
are verified by a comprehensive probabilistic study. Regular and irregular, sway (unbraced) 
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and braced frames are studied. The ultimate load factors for the frames using these two 
methods are compared with the mean of the ultimate loads of 200 randomly generated 
imperfection shapes for each frame. The configurations of sway frames and braced frames 
used in this study are shown in Figure 4.9 and Figure 4.12, respectively. 
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SF5 SF6 
 
 
SF7             SF8 
  
Figure 4.9: Sway frame configurations 
4.5.1 I-section sway frames 
 
Eight I-section sway frames are chosen to investigate the effect of initial geometric 
imperfections on the ultimate load of the frames. Figure 4.9 shows the frame configurations. 
The cross-section sizes for these frames can be found in Appendix B.1. The yield stress (Fy) 
and Young's modulus are taken as 320 MPa and 200000 MPa, respectively.  A vertical load 
of 500 kN is applied at every beam-column joint throughout the frames. The frames are 
designed such that the column slenderness parameter (λc) is close to unity, because this is the 
value for which the squash load and the elastic buckling load coincides and produces the 
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greatest, or almost the greatest sensitivity to initial geometric imperfections [14]. The column 
slenderness (λc) is calculated as:  
 
y
c
fkL
r E


  
(4.9) 
 
where r is radius of gyration. The ultimate load factors for each frame are then obtained and 
denoted as 
0
n , 
1
n , and 
3
n , corresponding to applying no initial geometric imperfections, 
applying the first buckling mode and applying the first three buckling modes, respectively, to 
model the initial geometric imperfections using the proposed scale factors summarised in 
Table 4.5. The ultimate load factors (
0
n , 
1
n  and 
3
n ) for the Sway Frames (SF) using 
advanced analysis are presented in Table 4.16.  These ultimate load factors are then compared 
with the ultimate load factors of the 200 randomly generated shapes for each frame 
( , 1,..., 200k k   ). The errors for considering different number of modes to represent the 
initial geometric imperfections are reported in Table 4.16 ( 0(%)Error , 1(%)Error ,
3(%)Error ). It can be seen from the results that without considering any buckling modes (i.e. 
no geometric imperfection), the maximum error is 54.532% corresponding to SF3 and 
decreases to 1.881% when three buckling modes are included. The average absolute errors 
(
0
(%)Error ,
1
(%)Error
 and 
3
(%)Error ) for the eight sway frames are plotted in Figure 4.10. 
1 2 3 4 5 6 7 8
0
10
20
30
40
50
E
rr
o
r 
(%
)
SF
 No imperfection
 One buckling mode
 Three buckling modes
 
Figure 4.10: Errors (%) for sway frames without rigid diaphragms 
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Table 4.16: Verification results for sway frames without rigid diaphragms 
Sway frames SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 
)k   11.530 2.407 2.725 5.791 1.935 2.993 2.883 2.927 
0
n  
12.737 4.255 4.250 12.736 2.100 3.156 3.152 4.245 
1
n  
11.757 2.335 2.574 5.667 1.962 2.964 2.795 2.685 
3
n  
11.360 2.339 2.576 5.684 1.968 2.947 2.810 2.756 
0 (%)Error  9.474 43.437 35.893 54.532 6.562 5.173 8.528 31.042 
1(%)Error  1.928 3.077 5.849 2.184 1.385 0.970 3.155 9.028 
3(%)Error  1.496 2.901 5.767 1.881 1.656 1.553 2.604 6.215 
3( / )k n    1.015 1.029 1.058 1.019 0.983 1.016 1.026 1.062 
3( / )k nCOV    0.046 0.071 0.082 0.065 0.036 0.027 0.045 0.080 
3( / )k nMin    0.866 0.845 0.887 0.850 0.862 0.928 0.863 0.861 
3( / )k nMax    1.087 1.312 1.395 1.333 1.047 1.060 1.100 1.261 
 
The verification results for sway frames which consider rigid diaphragms are summarised in 
Table 4.17. Detailed descriptions for the modelling rigid diaphragms can be found in Section 
3.7.  
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Figure 4.11: Errors (%) for sway frames with rigid diaphragms 
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Table 4.17: Verification results for sway frames with rigid diaphragms 
Sway frames SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 
)k   11.562 2.413 2.722 5.792 1.939 3.052 2.937 2.924 
0
n  
12.739 4.245 4.250 12.696 2.100 3.166 3.163 4.426 
1
n  
11.757 2.337 2.589 5.667 1.963 3.050 2.888 2.706 
3
n  
11.577 2.341 2.625 5.684 1.972 3.043 2.905 2.774 
0 (%)Error  9.238 43.156 35.957 54.377 7.646 3.600 7.136 33.929 
1(%)Error  1.657 3.273 5.143 2.212 1.200 0.067 1.707 8.050 
3(%)Error  0.128 3.076 3.689 1.906 1.651 0.297 1.111 5.406 
3( / )k n    0.999 1.031 1.037 1.019 0.983 1.003 1.011 1.054 
3( / )k nCOV    0.047 0.072 0.079 0.064 0.036 0.014 0.036 0.086 
3( / )k nMin    0.850 0.823 0.857 0.820 0.867 0.899 0.834 0.856 
3( / )k nMax    1.067 1.482 0.964 1.471 1.046 1.027 1.064 1.253 
 
As can be seen from Table 4.17, the frame is stiffer with the presence of rigid diaphragms 
which leads to slightly higher ultimate load factors of the frames compared to the results for 
frames without rigid diaphragms, as summarised in Table 4.16. The errors ( 0(%)Error ,
1(%)Error and 3(%)Error ) considering different number of modes are plotted in Figure 4.11. 
The maximum value of 
0
(%)Error  for the eight frames is 54.377% corresponding to SF4 when 
no buckling modes are included and is decreased to 1.906% when the first three buckling 
modes are included.  
 
It can be therefore concluded based on Tables 4.16-4.17 that the proposed scale factors 
provided in Table 4.5 can accurately predict the mean ultimate load factor for sway frames 
with and without rigid diaphragms. 
 
4.5.1.1 Sway frame under uniform distributed loading 
For sway frames without rigid diaphragms or other lateral restraint subjected to Uniform 
Distributed Load (UDL), the members usually suffer from flexural-torsional buckling before 
reaching the ultimate limit state. Since in the buckling analysis of sway frames, rigid 
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diaphragms are considered to suppress the out-of-plane deformation of beams and hence 
there is no member imperfection featuring minor axis bending of the beam when the 
imperfection is generated by scaling the buckling modes. The effect of ignoring the out-of-
straightness about the weak axis of the beam is investigated in this section. Eight sway frames 
(SF1-SF7) are considered in the study. A UDL of 50 kN/m is applied along the beams. To 
investigate the differences of the 200 simulations for determining the ultimate load factor 
using first three modes ( 3n ), the ratio between k , k=1...200 and 
3
n  is calculated. The 
results are summarised in Table 4.18. 
 
Table 4.18: Verification results for sway frames without rigid diaphragms subjected to UDL 
UDL SF1 SF2 SF3 SF4 SF5 SF6 SF7 
)k   1.398 0.988 1.942 1.747 1.027 2.050 2.143 
0
n  
1.456 1.035 2.043 1.855 1.040 2.187 2.260 
1
n  
1.456 1.023 2.059 1.854 1.038 2.110 2.240 
3
n  
1.456 1.021 2.059 1.854 1.035 2.168 2.230 
0 (%)Error  3.946 4.539 4.928 5.827 1.244 6.285 5.164 
1(%)Error  3.953 3.420 5.667 5.776 1.054 2.866 4.317 
3(%)Error  3.953 3.231 5.667 5.776 0.767 5.464 3.888 
3( / )k n    0.960 0.968 0.943 0.942 0.992 0.945 0.961 
3( / )k nCOV    0.031 0.021 0.039 0.032 0.008 0.030 0.029 
3( / )k nMin    0.894 0.908 0.878 0.903 0.962 0.897 0.879 
3( / )k nMax    1.056 1.019 1.090 1.056 1.013 1.025 1.010 
 
Based on the results presented in Table 4.18, it can be seen that the average error (
3
(%)Error ) 
is about 4% with a maximum error of 5.776%, corresponding to SF4 when the first three 
buckling modes are included. It should be mentioned that unlike the case where sway frames 
are subjected to point loads where the ultimate strength of the frames are overestimated by 
almost 55%, the maximum error for frames subjected to UDL is 5.8%, corresponds to SF4, 
when no imperfection is considered. The comparative small discrepancy for the value of 
0
/ )
k n
    is due to the fact that in 3D rigid joint sway frames, flexural-torsional buckling 
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failure of the members can be triggered by the twisting moment produced by the bending of 
the adjacent beams through the rigid joint connections. Thus even though no buckling mode 
is scaled in the flexural-torsional mode, the error (%) is still within the acceptable margin and 
the actual failure mode of the frames can be captured through the twisting moment at the end 
of beam. 
 
To further verify this observation, frames with different beam slenderness were investigated, 
Sway frame 1 (SF1) and Sway frame 3 (SF3) with highest COV of  
3
/ )
k n
    as shown in 
Table 4.18 are considered and the span of these two frames were adjusted to 4m, 6m and 8m, 
to cover the range from elastic to inelastic flexural-torsional buckling failure of beams. The 
simulation results are presented in Table 4.19 and Table 4.20 and show that changing the 
beam length to 6 m can increase the COV to 0.036 and decrease the COV to 0.021 when the 
span is lengthened to 8m, with respect to SF1. The maximum values of 
3
(%)Error  for SF1 and 
SF2 with different beam slenderness are less than 6% when the first three buckling modes are 
included. 
Table 4.19: Verification results, SF1 with different span length 
SF1 4 m 6 m 8 m 
)k   7.352 2.960 1.398 
0
n  7.360 3.041 1.456 
1
n  7.359 3.040 1.456 
3
n  7.356 3.040 1.456 
0 (%)Error  0.115 2.659 3.946 
1(%)Error  0.101 2.627 3.953 
3(%)Error  0.056 2.627 3.953 
3( / )k n    0.999 0.974 0.960 
3( / )k nCOV    0.021 0.036 0.031 
3( / )k nMin    0.950 0.902 0.894 
3( / )k nMax    1.057 1.071 1.056 
Table 4.20: Verification results, SF3 with different span length 
SF3 4 m 6 m 8 m 
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)k   4.820 1.942 0.961 
0
n  
4.949 2.043 0.980 
1
n  
4.947 2.059 0.980 
3
n  
4.947 2.059 0.941 
0 (%)Error  2.604 4.928 1.929 
1(%)Error  2.573 5.667 1.929 
3(%)Error  2.573 5.667 2.136 
3( / )k n    0.974 0.943 1.021 
3( / )k nCOV    0.036 0.039 0.025 
3( / )k nMin    0.880 0.878 0.973 
3( / )k nMax    1.042 1.090 1.065 
 
Based on the results summarised in Tables 4.16-4.20, it can be concluded that modelling 
imperfections with three buckling modes for I-section sway frames, can provide good 
agreement between the finite-element analysis of frames with actual random imperfection 
shapes and the linear combination of buckling modes method with a mean error of less than 
6%. This conclusion assumes joints between members are rigid and are thus capable of 
transforming deformations between adjoining members. 
 
4.5.2 I-section braced frames 
 
Seven regular and irregular I-section braced frames are chosen to verify the proposed scale 
factors presented in Table 4.6. Braced frames with different beam-to-column connection 
types comprising rigid and hinge joints are considered. Figure 4.12 shows the frame 
configurations. A UDL of 50 kN/m is applied on the beams of the frames. It should be 
mentioned that since the initial geometric imperfections in the braces are not considered, thus 
to eliminate those modes involving buckling of the braces, the braces are modelled by 
restraining the horizontal translational movement of the joints of the frames in the buckling 
analysis (not in advanced analysis). 
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Figure 4.12: Braced frame configurations 
 
4.5.2.1 I-section rigid joint braced frames 
The results for braced frames with rigid joints as beam-to-column connections are 
summarised in Table 4.21. The cross-section sizes for these frames can be found in Appendix 
B.4. The maximum error is about 6.8% considering no imperfection, which corresponds to 
BF1 and it is decreased to 4.41% when the first buckling mode is included in the 
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imperfection. The errors (
0
(%)Error ,
1
(%)Error ) for these seven braced frames, considering 
different numbers of buckling modes are plotted in Figure 4.13.  
 
Table 4.21: Verification results, braced frames with rigid joint connections 
Rigid Brace BF1 BF2 BF3 BF4 BF5 BF6 BF7 
)k   0.883 0.705 1.388 0.672 0.678 1.357 1.394 
0
n  
0.948 0.753 1.421 0.689 0.693 1.314 1.419 
1
n  
0.924 0.739 1.375 0.690 0.691 1.353 1.382 
0 (%)Error  6.816 6.378 2.329 2.410 2.165 3.295 1.790 
1(%)Error  4.416 4.539 0.938 2.580 1.881 0.285 0.883 
1( / )k n    0.956 0.955 1.009 0.974 0.981 1.003 1.009 
1( / )k nCOV    0.045 0.018 0.017 0.044 0.013 0.017 0.024 
1( / )k nMin    0.901 0.883 0.929 0.952 0.911 0.951 0.938 
1( / )k nMax    1.012 1.035 1.092 1.100 1.025 1.074 1.097 
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Figure 4.13: Error (%) for rigid joint braced frames 
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4.5.2.2 I-section hinge joint braced frames 
As discussed previously, flexural-torsional buckling of the beams of a frame can be triggered 
by twisting moments produced by the bending of adjacent beams through rigid beam-to-
column joints. Since in this section, the focus is on hinge joint braced frames in which 
moments cannot be transferred through the joints, large errors may be observed when no 
imperfection in the shape of the flexural-torsional buckling mode was applied in the frame 
model. The errors (%) are summarised in Table 4.22. As to be expected, a large maximum 
error of 46.19%, corresponding to BF1 is encountered, when no buckling mode is included. 
However, the error is decreased to 1.74% when the first buckling mode is included in the 
imperfection for BF1. The errors (
0
(%)Error
 
,
1
(%)Error ) for the seven hinge joint braced 
frames are plotted in Figure 4.14. 
 
Table 4.22: Verification results, braced frames with hinge joint connections 
Hinge joint brace frame BF1 BF2 BF3 BF4 BF5 BF6 BF7 
)k   1.123 0.340 0.732 0.790 0.314 0.712 0.749 
0
n  2.087 0.571 0.912 1.190 0.502 0.910 1.015 
1
n  1.104 0.358 0.741 0.830 0.337 0.736 0.768 
0 (%)Error  46.191 40.420 19.714 33.645 37.409 21.765 26.191 
1(%)Error  1.735 5.004 1.187 4.865 6.874 3.269 2.453 
3( / )k n    1.017 0.950 0.988 0.951 0.931 0.967 0.975 
3( / )k nCOV    0.036 0.036 0.033 0.037 0.029 0.033 0.045 
3( / )k nMin    0.931 0.867 0.912 0.862 0.863 0.880 0.898 
3( / )k nMax    1.163 1.090 1.079 1.055 0.993 1.069 1.113 
 
Chapter 4- Modelling of Initial Geometric Imperfection for 3D Steel Frames 
 
113 
 
1 2 3 4 5 6 7
0
10
20
30
40
50
E
rr
o
r 
(%
)
BF
 No imperfection
 One buckling mode
 
Figure 4.14: Error (%) for hinge joint braced frames 
 
It can be concluded based on the results presented in Table 4.21 and Table 4.22 that the mean 
of error (
1
(%)Error ) is less than 7% when the first buckling mode with the scale factor 
presented in Table 4.6 is included for braced frames with rigid and hinge joint connections.  
 
4.5.3 HSS sway frame 
 
Eight HSS sway frames are selected to verify the notional horizontal load method discussed 
in Section 4.4. The frame configurations and loading used are the same as those used for I-
section sway frames described in Section 4.5.1. The cross-section sizes for these frames can 
be found in Appendix B.2. The frames are designed such that the column slenderness 
parameter (λc) takes the value of unity. The yield stress Fy and Young’s modulus are taken as 
450 MPa and 200000 MPa, respectively. Advanced analysis was then performed for each 
frame by applying notional horizontal loads from different directions to model initial 
geometric imperfections using the proposed load factors summarised in Table 4.12. The 
directions of the loads are solely dependent on the directions of the first two frame buckling 
modes. The ultimate load factors for each frame are then obtained and denoted as 
0
n , 
x
n , 
z
n  
and 
x z
n

, and consist of applying no notional horizontal loads, applying notional horizontal 
loads in the x-direction, applying notional horizontal loads in the z-direction and applying 
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notional horizontal loads in the x-direction and z-direction, respectively. The ultimate load 
factors of the 200 randomly generated shapes for each frame are denoted as k . The 
distributions of the ultimate load factors were found to be normal. The ultimate load factors 
(
x
n , 
z
n  and 
x z
n

) of different frames using advanced analysis are presented in Table 4.23 
and compared with the mean of the ultimate load factors ( ( )k  ). The errors are plotted in 
Figure 4.15 and reported in Table 4.23 as 0(%)Error (%)xError , (%)zError  and 
(%)x zError  .  
 
Table 4.23: Verification results for HSS sway frames subjected to point loads 
 SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 
( )k   8.091 3.112 2.936 12.239 1.550 2.496 2.344 3.178 
0
n  
11.187 3.500 3.480 15.154 1.733 2.610 2.607 3.469 
x
n  
8.485 3.268 3.025 12.826 1.669 2.506 2.458 3.315 
z
n  
8.485 3.177 3.025 12.826 1.560 2.547 2.400 3.156 
x z
n

 8.043 3.140 2.912 12.143 1.552 2.525 2.379 3.188 
0 (%)Error  38.265 12.468 18.529 23.813 11.806 4.604 11.216 9.128 
(%)xError  4.870 5.013 3.031 4.796 7.677 0.397 4.866 4.297 
(%)zError  4.870 2.089 3.031 4.796 0.645 2.059 2.392 0.693 
(%)x zError   0.593 0.900 0.817 0.784 0.129 1.178 1.486 0.313 
( / )x zk n  
  1.006 0.991 1.008 1.008 0.999 0.988 0.985 0.997 
( / )x zk nCOV  
  0.065 0.046 0.067 0.068 0.072 0.031 0.055 0.039 
( / )x zk nMin  
  0.855 0.886 0.849 0.865 0.595 0.903 0.851 0.896 
( / )x zk nMax  
  1.188 1.093 1.178 1.203 1.123 1.041 1.097 1.083 
 
It can be seen from the table that the maximum error is 38.27% when no notional horizontal 
load is considered, corresponding to SF1 and decreases to 1.49%, corresponding to SF7 when 
applying notional horizontal loads in both directions. The higher percentage of error in this 
case is due to the failure of triggering the actual frame failure mode. It should be mentioned 
that in reality, it is most unlikely that all the columns of a frame have a slenderness parameter 
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of close to unity, so the statistics corresponding to the eight frames considered in this study 
can be considered as an upper bound. For more practical frames, the COV can decrease 
significantly due to the minor second-order effects and imperfection sensitivity of common 
practical frames. 
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Figure 4.15:  Absolute error (%) for HSS sway frames subjected to point load 
 
Furthermore, the effect of initial geometric imperfections for sway frames under uniform 
distributed loads (UDL) is investigated in this study by considering SF2, SF3, SF4 and SF5, 
as shown in Figure 4.9. The configurations and member cross-sections are the same as those 
used in the analyses of HSS frames subjected to point loads.  A UDL of 50 kN/m is applied to 
the beams of the frame. The ultimate load factors obtained by considering the first mode (
1
n ) 
are summarised in Table 4.24. The maximum error is 20.67% when no notional horizontal 
loads is considered, which corresponds to SF2, and decreases to 0.83% when horizontal loads 
from both directions are included. It should be noticed that the maximum COV of the 
ultimate load factor for sway frames dropped from 7.2% to 3.9% when the load type on the 
frames changes from point load to UDL. This indicates that frames under UDL loading are 
less sensitive to initial geometric imperfections than frames under point load loading.  
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Figure 4.16: Absolute error (%)for sway frames subjected to UDL 
 
Table 4.24: Verification results for sway frames subjected to uniform distributed load 
SF SF2 SF3 SF4 SF5 
( )k   4.189 3.958 1.988 2.089 
0
n  
5.055 4.768 2.291 2.166 
x
n  
4.463 4.041 1.974 2.139 
z
n  
4.239 4.041 1.974 2.054 
x z
n

 4.224 3.993 1.991 2.042 
0 (%)Error  20.665 20.465 15.241 3.686 
(%)xError  6.533 2.097 0.704 2.393 
(%)zError  1.186 2.097 0.704 1.675 
(%)x zError   0.828 0.882 0.151 2.250 
( / )x zk n  
  0.992 0.991 0.998 1.023 
( / )x zk nCOV  
  0.039 0.034 0.018 0.024 
( / )x zk nMin  
  0.870 0.894 0.943 0.940 
( / )x zk nMax  
  1.065 1.163 1.023 1.061 
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In addition, three sway frames (SF1, SF2, SF3) are considered and redesigned with values of 
column slenderness (λc) that varied from 0.75 to 1.30, respectively. The results are presented 
in Tables 4.25-4.27. 
 
Table 4.25: Simulation results for SF1 different column slenderness 
SF1 Fy =350 MPa Fy =450 MPa Fy =500 MPa 
Column slenderness λc =0.76 λc =1.00 λc =1.3 
( )k   10.779 8.091 0.911 
0
n  11.982 11.187 1.999 
x
n  11.144 8.485 0.948 
z
n  11.144 8.485 0.948 
x z
n

 10.864 8.043 0.911 
0 (%)Error  11.161 38.265 119.453 
(%)xError  3.386 4.870 4.073 
(%)zError  3.386 4.870 4.073 
(%)x zError   0.789 0.593 0.011 
( / )x zk n  
  0.992 1.006 1.000 
( / )x zk nCOV  
  0.048 0.065 0.043 
( / )x zk nMin  
  0.747 0.855 0.869 
( / )x zk nMax  
  1.096 1.188 1.098 
 
Table 4.26: Simulation results for SF2 different column slenderness 
SF2 Fy =350 MPa Fy =450 MPa Fy =500 MPa 
Column slenderness λc =0.80 λc =1.00 λc =1.28 
( )k   3.571 3.112 1.945 
0
n  3.938 3.500 3.926 
x
n  3.683 3.268 2.030 
z
n  3.648 3.177 2.006 
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x z
n

 3.570 3.140 1.933 
0 (%)Error  10.277 12.468 101.851 
(%)xError  3.136 5.013 4.370 
(%)zError  2.156 2.089 3.136 
(%)x zError   0.017 0.900 0.617 
( / )x zk n  
  1.000 0.991 1.006 
( / )x zk nCOV  
  0.043 0.046 0.056 
( / )x zk nMin  
  0.889 0.886 0.830 
( / )x zk nMax  
  1.096 1.093 1.111 
 
Table 4.27: Simulation results for SF3 different column slenderness 
SF3 Fy=350 MPa Fy=450 MPa Fy=500 MPa 
Column slenderness λc =0.75 λc =1.00 λc =1.30 
( )k   3.533 2.936 1.904 
0
n  3.938 3.480 3.926 
x
n  3.647 3.025 1.987 
z
n  3.647 3.025 1.987 
x z
n

 3.549 2.912 1.916 
0 (%)Error  11.457 18.529 106.182 
(%)xError  3.221 3.031 4.359 
(%)zError  3.221 3.031 4.359 
(%)x zError   0.447 0.817 0.630 
( / )x zk n  
  0.996 1.008 0.994 
( / )x zk nCOV  
  0.047 0.067 0.056 
( / )x zk nMin  
  0.864 0.849 0.850 
( / )x zk nMax  
  1.093 1.178 1.122 
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It can be concluded from the results shown in Tables 4.25-4.27 that the maximum value of 
Error
x-z
(%) is consistently less than 1%. This shows that when a diverse range of column 
slenderness values are considered, using the notional horizontal load method with notional 
forces applied in both directions and load factors presented in Table 4.12 can provide 
excellent agreement in predicting the mean ultimate strength of the frames subjected to 
random initial geometric imperfections 
 
4.5.3.1 Effect of out-of-straightness in HSS sway frames 
The notional horizontal load method does not account for the effect of member out-of-
straightness. Hence, the effect of member out-of-straightness for frames with different 
column slenderness values is investigated in this section. Especially, the statistics of the 
ultimate load factors of the frames obtained by only considering randomness in out-of-
straightness are summarised. The procedures for generating random member out-of-
straightness are discussed in Section 4.2. Three sway frames (SF1, SF2, SF3) are used in this 
study. The ultimate load factor (
x z
n

) that considers the notional horizontal loads applied in 
both directions is compared with the ultimate load factors of 200 randomly generated shapes 
that only considered the out-of-straightness for each frame ( , 1,...,200k k  ), the results are 
presented in Tables 4.28-4.29. 
 
Table 4.28: Simulation results for column with different slenderness for SF1 
 SF1  λc =0.76 λc =1 λc =1.3 
( )k   10.8648 8.0427 0.9107 
x z
n
  10.864 8.043 0.911 
( / )x zk nCOV  
  0.00085 0.00191 0.00178 
( / )x zk n  

 
1.0001 1.0000 0.9997 
(%)x zError 
 
0.00697 0.0040 0.02778 
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Table 4.29: Simulation results for column with different slenderness for SF2 
 SF2 λc =0.80 λc =1 λc =1.28 
( )k   3.5701 3.1352 1.9327 
x z
n

 3.570 3.140 1.933 
( / )x zk nCOV  
  0.000552 0.00224 0.0015 
( / )x zk n  

 1.0000 0.9985 0.9998 
(%)x zError 
 
0.0084 0.1522 0.0155 
 
Table 4.30: Simulation results for column with different slenderness for SF3 
SF3 λc =0.75 λc =1 λc =1.30 
( )k   3.5494 2.9119 1.9159 
x z
n

 3.549 2.912 1.916 
( / )x zk nCOV  
  0.0011 0.0014 0.0013 
( / )x zk n  

 1.000 1.000 1.000 
(%)x zError 
 
0.010 0.002 0.023 
 
As can be seen from Tables 4.28-4.30, the maximum COVs of the frame ultimate strength 
( ( / )x zk nCOV  
 ) for the three selected frames are 0.00191, 0.00224 and 0.0014 corresponding 
to SF1, SF2 and SF3, respectively, with column slenderness equal to unity. These COVs are 
compared with the COVs summarized in Tables 4.25-4.27. The small values of COV 
combined with the fact that the mean values of /
x z
k n 

 
for all three frames are close to unity 
indicate that (1) the proposed model consisting of applying notional horizontal loads in both 
directions with appropriate load factors can accurately predict the frame ultimate strength, 
and (2) the effect of member out-of- straightness in HSS sway frames is insignificant. 
 
The statistical distribution of ultimate load factors for SF1 with column slenderness (λc =1)  
considering randomness in out-of-straightness only and randomness in out-of-plumbness and 
out-of-straightness are shown in Figure 4.17 (a) and Figure 4.17 (b), respectively.  
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(a) Distribution of ultimate load factor considering only out-of-straightness  
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(b) Distribution of ultimate load factor considering only out-of-straightness and out-of-
plumbness  
Figure 4.17: Comparison of the distributions of the ultimate load factor for SF1  
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4.5.4 HSS Braced frames 
 
Seven regular and irregular HSS braced frames are chosen to verify the proposed scale factor 
in modelling the initial geometric imperfections for HSS braced frames. The configurations 
and loading are identical to those used for the I-section braced frames as shown in Figure 
4.12. The braces are considered to be perfect without any initial geometric imperfections. 
Both HSS rigid joint braced frames and hinge joint braced frames were considered in this 
study. The results are summarised in Table 4.31 and Table 4.32. 
 
4.5.4.1 HSS rigid joint braced frames 
The results of HSS braced frames considering rigid joint connections are summarised in 
Table 4.31. The maximum error is 3.299% when no imperfection is considered, 
corresponding to BF1 and decreased to 2.832% when the first buckling mode is included in 
defining the imperfections.     
 
Table 4.31: Verification results, HSS braced frames with rigid joint connections 
Brace frames BF1 BF2 BF3 BF4 BF5 BF6 BF7 
( )k   0.727 0.845 0.659 1.086 0.445 0.764 2.976 
0
n  
0.751 0.847 0.660 1.092 0.450 0.740 2.989 
1
n  
0.748 0.845 0.658 1.087 0.448 0.740 2.988 
0 (%)Error  
3.299 0.202 0.100 0.613 1.288 3.275 0.439 
1(%)Error  
2.832 0.035 0.128 0.149 0.649 3.275 0.412 
( / )x zk n  
  0.972 1.000 1.001 0.999 0.994 1.033 0.996 
( / )x zk nCOV  
  0.009 0.007 0.004 0.017 0.007 0.040 0.007 
( / )x zk nMin  
  0.953 0.982 0.991 0.929 0.972 0.956 0.984 
( / )x zk nMax  
  1.001  1.018 1.009 1.017 1.005 1.11 1.00 
 
The errors for the seven HSS rigid joint braced frames considering no imperfections and only 
the first buckling mode imperfection are plotted in Figure 4.18. 
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Figure 4.18: Error (%) for HSS rigid joint braced frames  
 
4.5.4.2 HSS hinge joint braced frames 
The results of HSS braced frames considering hinge joint connections are summarised in 
Table 4.32. The maximum error is 14.39% when no imperfection is considered, 
corresponding to BF 5 and decreased to 3.79% when the first buckling mode is included to 
define the imperfections. It should be noticed that the average errors for the case of no 
imperfection is generally higher than the errors in rigid joint braced frames. This is due to the 
lack of beam-to-column interaction as the connections are hinge joints, and thus the actual 
failure mode of the frame may not be captured, resulting in overestimated frame strength, 
especially for BF5.  
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Table 4.32: Verification results, HSS braced frames with hinge joint connections 
Brace frames BF1 BF2 BF3 BF4 BF5 BF6 BF7 
( )k   0.693 0.982 0.708 0.903 0.408 0.715 1.599 
0
n  0.736 0.990 0.734 0.919 0.477 0.748 1.599 
1
n  0.669 0.963 0.720 0.914 0.424 0.695 1.597 
0 (%)Error  6.305 0.859 3.583 1.688 14.387 4.470 0.022 
1(%)Error  3.577 1.300 1.695 1.129 3.786 2.800 0.104 
( / )x zk n  
  1.036 1.019 0.983 0.989 0.962 1.028 1.001 
( / )x zk nCOV  
  0.034 0.024 0.020 0.010 0.010 0.050 0.003 
( / )x zk nMin  
  0.938 0.967 0.942 0.949 0.876 0.908 0.993 
( / )x zk nMax  
  1.096 1.111 1.024 1.055 1.044 1.236 1.008 
 
The errors for the seven HSS hinge joint braced frames considering no imperfection and only 
the first buckling mode are plotted in Figure 4.19. In all cases, the maximum error is about 4% 
or less when the first buckling mode is included. 
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Figure 4.19: Absolute error (%) for HSS hinge joint braced frames 
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Based on the results presented in Table 4.31 and Table 4.32, it can be concluded that the 
initial geometric imperfections for HSS braces frames can be modelled by including only the 
first buckling mode with an average error of less than 4% for all frames with rigid joint and 
hinge joint. 
 
4.6 Conclusion 
The nonlinear behaviour and ultimate strength of steel frames are affected by the presence of 
initial geometric imperfections. The imperfections must therefore be modelled in advanced 
analysis. In this chapter, several methods for modelling initial geometric imperfections were 
discussed for 2D steel frames, and these methods are extended to 3D space frames. Various 
frames consisting of regular and irregular sway and braced 3D space frames are considered in 
this study. For I-section sway and braced frames, the initial geometric imperfection is 
modelled as a linear combination of scaled buckling mode and for theses frames the 
appropriate number and magnitudes of buckling modes have been suggested. It can be 
concluded that for sway frames, three buckling modes are sufficiently accurate for modelling 
the actual shape of imperfection with maximum error of less than 6%, whereas for braced 
frames, since the buckling modes are similar but in opposite directions, their effect may 
largely cancel out and hence including only the first buckling mode is recommended. The 
maximum error is less than 7%.  
 
In addition, the initial geometric imperfection of HSS sway frames is modelled by the 
notional horizontal load method. The load factors for the notional loads are also suggested in 
this study resulting in a maximum error of less than 3%. Furthermore, the imperfection in 
HSS braced frames are modelled using the first buckling mode and the associated maximum 
error was found to be less than 4%. The recommended scale factors and load factors for I-
section and HSS steel frames are summarised in Table 4.33 and Table 4.34, respectively.   
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Table 4.33: Recommended proportions (C1, C2, C3) of each mode and total scale factor (F) to model 
initial geometric imperfections for I-section frames 
Frame type Number of 
modes 
C1 C2 C3 F 
I-section 
sway frame 
3 0.831 0.132 0.037 0.00163 
I-section 
braced Frame 
1 1 N/A N/A 0.00039 
 
Table 4.34: Recommended load factors (Fx and Fz) and proportions of each mode (C1 and C2) to 
model initial geometric imperfections for HSS frames 
Frame type 
Notional 
horizontal load 
Fx Fz  
HSS sway frame 2 0.001381 0.001381 - 
 
 
Number of 
modes 
C1 C2 F 
HSS braced frame 1 1 N/A 0.000075 
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Chapter 5-Modelling of Residual Stress for 3D Cold-
Formed Hollow Steel Section Frames  
 
5.1 Introduction 
Cold-formed Hollow Steel Section (HSS) is formed by (1) uncoiling and leveling (flatten a 
sheet coil), (2) roll-forming (bend the sheet coil progressively along the width direction), (3) 
welding (weld flange of the bend trip to form Rectangular Hollow Section (RHS) or Square 
Hollow Section (SHS)) and (4) sizing (finish the exact shape) [65]. The technique of cold-
forming manufacturing process may not include post-forming stress relief which induces the 
residual stresses. The residual stresses in HSS are expected to have a substantial bending part 
and a comparatively low membrane part, which is different from the thermally induced 
residual stress in hot-rolled sections [59]. The residual stresses in the non-stress-relieved HSS 
are complex due to its high gradients through the plate thickness and distribution around the 
cross-section [57].  
 
The strength and behavior of cold-formed steel structural members can be greatly influenced 
by the presence of residual stresses. This chapter studies the magnitude and distribution of 
different components of residual stress in HSS which induced during the cold-forming 
process. Based on the study, different stress-strain curves are produced to account for 
different components of residual stress in longitudinal and transversal directions, allowing the 
effects of different components of residual stress on the ultimate strength of frames to be 
investigated. Based on the results, a stress-strain curve based on a polynomial function is 
proposed to use in the nominal frame models and the accuracy of this curve in terms of 
approximating the effect of residual stress is verified through a comprehensive probabilistic 
study of regular and irregular steel frames.  
 
5.2 Analytical models of residual stress in cold-formed steel tubes 
Key and Hancock [64] carried out an experimental study on residual stresses in thick cold-
rolled square hollow sections, and developed representative analytical models for both 
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magnitude and distribution of residual stresses present in the test specimens. The analytical 
model of the residual stress involves two stages, including [64]: (1) variation of the residual 
stress through cross-section wall thickness, and (2) magnitude and distribution of the residual 
stress around the cross-section. Detailed discussion on each of these stages is presented in 
subsequent sections. 
 
5.2.1 Distribution around the cross-section  
The idealized distributions of residual stress in the longitudinal and transversal directions 
were based on the calculated residual surface stress of the Square Hollow Section (SHS 152 × 
4.9) and data published from the literatures [97]. Three components of residual stress in each 
direction were found, which are: (1) membrane, (2) bending and (3) layering. The magnitude 
and distribution of the residual stress around the cross-section in the longitudinal and 
transversal directions are shown in Figure 5.1 and Figure 5.2, respectively. Each residual 
stress component is summarised in Table 5.1. 
 
 
  
Longitudinal membrane Longitudinal bending residual 
stress 
Longitudinal layering residual 
stress 
Figure 5.1: Residual stress distribution in longitudinal direction 
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Transverse membrane Transverse bending Transverse layering 
 
Figure 5.2: Residual stress distribution in transversal directions 
 
Table 5.1: Description for different residual stress components  
Longitudinal membrane 
( ,l m ) 
Stresses varying from maximum tensile at the centre of each 
face to maximum compressive at the corner 
Longitudinal bending 
( ,l b ) 
Uniform stress over each flat face of the section with half the 
face value in the corner 
Longitudinal layering 
( ,l l ) 
Same distribution as longitudinal bending residual stress, as 
suggested by Davison and Birkemoe [124] 
Transversal membrane 
( ,t m ) 
Magnitude of transversal membrane residual stress is assumed 
to be zero as suggested by Key and Hancock [64] 
Transversal bending 
( ,t b ) 
Uniform distribution across each section face as proposed by 
Kato [97] 
Transversal layering 
( ,l l ) 
Same distribution as transversal bending residual stress, as 
suggested by Davison and Birkemoe [124] 
 
5.2.2 Through thickness residual stress 
 
The variation of residual stress through the wall thickness was calculated in [64] based on the 
reported strain measurements on the SHS 254 × 6.3 . The distributions of through thickness 
residual stress in the longitudinal and transversal directions are shown in Figure 5.3 and 
Figure 5.4, respectively.   
σt,m=0 σt,b σt,l 
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(a) Longitudinal residual stress (b) Transverse residual stress 
  
Figure 5.3: Through thickness memberane and longitudinal bending residual stress [64] 
 
  
(a) Longitudinal residual stress (b) Transerse residual stress 
  
Figure 5.4: Through thickness layering residual stress [64] 
 
5.3 Modelling of residual stresses in HSS 
Since the residual stresses in the longitudinal and transversal directions cannot be directly 
accounted for in the ABAQUS beam-element based model, it is proposed to approximate the 
effects of different components of residual stress by modifying the elastic-perfectly-plastic 
stress-strain curve. According to von Mises yield criterion, a plate in a state of plane stress 
(σz=0) will yield when a combination of in-plane stresses (σx,σy,τxy) reaches the uni-axial yield 
stress (σY) as follows: 
 2 2 2 23x xY xy yy         (5.1) 
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where σx and σy are the normal stresses in the longitudinal and transversal directions, 
respectively, and τxy is the shear stress. Let x in Figure 5.5 denotes the longitudinal direction 
of a cold-formed steel tube, and assume a stress is applied which is constant through the 
thickness. In the presence of residual stress, the stress components (σx, σy, τxy) are defined as 
follows: 
 
 
, , , , x l l l m l b l l            (5.2) 
 
, , , , y t t t m t b t l          (5.3) 
 0xy   (5.4) 
 
 
 
(a) Cold-formed steel tube (b) Stress components 
 
Figure 5.5: Stress components in SHS 
 
The procedures for calculating the accurate stress-strain curve which accounts for residual 
stresses in the longitudinal and transversal directions for flat material can be obtained as 
follows: 
 
1. Apply an increment of strain ( i ) to the section. 
2. Divide the section into a number of layers (e.g. 12 as stated in Key and Hancock’s 
paper [64]) and monitor the stress at each node between the layers as shown in Figure 
5.6. 
σx 
σy 
τxy 
x 
σ 
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Figure 5.6: Monitoring nodes through the section thickness 
 
3. At each monitoring point, assume first that the material is elastic and calculate the 
change in stress ( i ) as follows: 
 
i iE     (5.5) 
 
4. Check that the yield stress has not been exceeded at each monitoring point and 
determine the total stress in the longitudinal and transversal directions as: 
 
  x i l
i
      (5.6) 
  y t   (5.7) 
 0xy   (5.8) 
 
5. Substitute (σx, σy, τxy) into Equation 5.9 for the effective stress (σe): 
 
 2 2 2 23e x y x x xy          (5.9) 
 
6. Check that the effective stress (σe) is not exceeding the uni-axial yield stress (σY) : 
1 
13 
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e Y   (5.10) 
 
7. If the effective stress is less than the yield stress, the increment in applied stress 
calculated as ( i iE    ) is correct and the total applied stress can be determined 
as: 
 
 
 
i
i
    (5.11) 
 
8. If the effective stress exceeds the yield stress, it must be scaled back so that e Y  . 
This can be done rigorously using the Prandtl-Reuss flow rules and would imply 
changes to both σx and σx. However, it is proposed to simply scale back the applied 
stress (
i ), i.e. write ( i ) as: 
 
 
i iE      (5.12) 
 
9. Determine α so that e Y  . Note that since the applied strain (  ) is increased 
monotonically, once yielding has commenced at a given monitoring point, the 
effective stress will remain at the yield stress and hence (
i ) is zero as the strain is 
further increased at a given point. 
 
10. Determine the stress at each monitoring point as described in Step 2. Then calculate 
the average applied stress ( average ) as follows: 
 
 ( ) /average iit
dt t    
(5.13) 
 
11. Repeat Steps 1-10 to obtain a series of points of applied stress and applied strain 
( , )average   where: 
 
i
    (5.14) 
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12. Based on Steps 1-11, the stress-strain curve which approximates the effect of residual 
stress in the longitudinal and transversal directions can be plotted, as shown in Figure 
5.7. 
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Figure 5.7: Stress-strain curve consider the longitudinal and transversal residual stresses (see 
Table 5.5) 
 
Since (i) the residual stress in the longitudinal direction is generally larger than the residual 
stress in the transversal direction and (ii) the residual stress in the longitudinal residual is 
dominated by the bending component, it can be expected that the residual stresses can be 
accounted for with a reasonable accuracy in the stress-strain curve by only considering the 
longitudinal bending component of the residual stress. To check this assumption, Steps 1-12 
were repeated but stresses were calculated by using Equations 5.15-5-17: 
 
 
,  x i e b
i
      (5.15) 
 0y   (5.16) 
 0xy   (5.17) 
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The stress-strain curve which accounts for the longitudinal bending component of residual 
stress is plotted in Figure 5.8 and compared to the accurate stress-strain curve which 
considers all components of residual stress in both directions.  
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Figure 5.8: Comparison of stress-strain curves to consider residual stresses 
 
As can be seen in Figure 5.8, the approximate stress-strain curve which accounts for only the 
longitudinal bending residual stress is close to the accurate stress-strain curve, thus it is 
proposed to only consider the longitudinal bending residual stress in determining the residual 
stress in HSS. The last step is to fit a polynomial function to this approximate stress-strain 
curve. 
 
The proposed stress-strain curve which accounts for the longitudinal bending residual stress 
is defined using a cubic polynomial function as shown in Equations 5.18. 
 
3 2 1
1 2 3 4   +  + ,             for    1 2     
    (5.18) 
in which ε1 and ε2 are used to define the region where the stress-strain relationship  is 
nonlinear (see Figure 5.9). ε1 and ε2 can be solved using Equations 5.19-5.20. 
 
 
1
y bF
E



  
(5.19) 
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2
 y bF
E



  
(5.20) 
 
in which σb is the magnitude of the longitudinal bending residual surface stress. To solve the 
four constants in Equation 5.18, four initial conditions are defined and shown in Equations 
5.21-24. 
 d
E
d


  at
 1
   
(5.21) 
 
 
 
0 
d
d


 at 2   
(5.22) 
 
 
 
1
E

   at
 1
   
(5.23) 
 
 
  yF  at 2   
(5.24) 
 
 
Substitute Equations 5.21-5.24 into Equation 5.18, the four constants can be solved as: 
 
 
1 2
1 3
1 2
2 ( )
( )
yF E 
 
 
 

 
 
(5.25) 
 
 
 2 2
1 1 2 2 1 2
2 3
1 2
2( ) 3( )
( )
yE F     
 
   
 

 
(5.26) 
 
 
 2 2
1 1 2 2 1 2
3 3
2 1
(4 6 )
( )
yE E E F     
 
  
 

 
(5.27) 
 
 
 2 2
2 1 2 1
4 3
1 2
(2 3 )
( )
y yE F F   
 
 
 

 
(5.28) 
With X1, X2, X3, X4 now solved, the cubic polynomial function can then be expressed as: 
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 E   for 10     (5.29) 
 
2 2
1 2 1 1 2 2 1 24 3
3 3
1 2 1 2
2 2 2 2
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
 
 for
 
1 2     (5.30) 
 
  yF   for
 
2   
(5.31) 
 
The comparison between the proposed stress-strain curves obtained using Equations 5.15-
5.17 and the stress-strain curve expressed by the cubic polynomial function are shown in 
Figure 5.9. It can be seen the two stress-strain curves are almost identical, indicating that the 
proposed approximate cubic stress-strain curve is sufficient for modelling the longitudinal 
bending residual stress. 
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Figure 5.9: Comparison of stress-strain curve using bending residual stress and approximate cubic 
curve 
 
Furthermore, the influences of different components of residual stress on the ultimate 
strength of steel frames are investigated by implementing different stress-strain curves into 
the finite-element model. Two example frames with the configurations shown in Figure 5.10 
are used in this study. Equal point loads of 500 kN are applied on top of each beam-column 
joint. Young's modulus and yield stress are taken as 200 GPa and 350 MPa, respectively. The 
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frames are designed such that the column slenderness parameter (λc) as calculated using 
Equation 4.9, is close to unity. Four cases are considered in this study: (1) no residual stress, 
(2) a stress-strain curve accounting for the longitudinal and transversal residual stresses, (3) a 
stress-strain curve accounting for the longitudinal bending residual stress only, and (4) a 
proposed stress-strain curve using an approximate polynomial function. The load-
displacement curves for Frame 1 and Frame 2 for the four cases are shown in Figure 5.11 and 
Figure 5.12, respectively, and the comparison of the ultimate load factors of the frames for 
the four cases are presented in Table 5.2. 
 
 
 
Frame 1 Frame 2 
Figure 5.10: Frame configurations 
0 100 200 300 400
0
1
2
3
4
5
6
7
Displacement (mm)
A
pp
li
ed
 l
oa
d 
ra
ti
o
 Case 1
 Case 2
 Case 3
 Case 4
 
Figure 5.11: Load-deflection curves for Frame 1 considering different components of residual stress 
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Figure 5.12: Load-displacement curves for Frame 2 considering different components of residual 
stress 
 
Table 5.2: Comparison of ultimate strengths of frames considering different residual stress 
components 
Case SF1 Error (%) SF2 Error (%) 
Case 1 6.77 39.14 2.54 22.71 
Case 2 4.86 - 2.07 - 
Case 3 5.05 3.91 2.15 3.86 
Case 4 5.10 4.94 2.15 3.86 
 
It can be seen from the results presented in Table 5.2 that the differences between the 
ultimate load factors of the frames considering Case 1 and Case 2 are 39.14%.and 22.46% for 
Frame 1 and Frame 2, respectively, and the differences drop to 3.91% and 3.86% when Case 
3 is compared with Case 2. This significant drop in error suggests that the effect of residual 
stress in HSS can be sufficiently accounted for by only modelling the longitudinal bending 
component of residual stress. It should be mentioned that Frame 1 and Frame 2 were 
designed with all columns slenderness close to unity to maximize the effect of residual stress. 
In practical situation, the effect of residual stress is less severe since it is unlikely that all 
columns of the critical storey are close to unity. To verify this, Frame 2 is redesigned 
according to AS4100 [3] and a uniformly distributed load of 50kN/m is applied along the 
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beams. Comparison of the load-displacement curves is shown in Figure 5.13. The ultimate 
load factors for Cases 1-4 are found to be identical which are equal to 0.96. 
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Figure 5.13: Load-displacement curves for Frame 2 under UDL using different stress-strain curves 
 
Based on the results shown in Figures 5.11-5.13 and Table 5.2, it can be concluded that (i) 
the effect of residual stress on the ultimate strength of HSS frames is particular significant 
when the slenderness of the columns of the frame are close to unity, (ii) the effect of residual 
stress in HSS can be sufficiently accounted by only modelling the longitudinal bending 
residual stress and (iii) the proposed stress-strain curve derived based on the polynomial 
function (Case 4) can be used to model the longitudinal bending residual stress. 
5.4 Statistical data for the longitudinal direction residual stress  
The statistical data for the longitudinal bending and the membrane components of residual 
stress are based on [124] which comprises a set of experimental surface residual stress 
measurements for the membrane and bending components for the flats and the corners. The 
values of the model can be found in Table 5.3. The distributions of the magnitudes of the 
longitudinal membrane and longitudinal bending components for flat sections are shown in 
Figure 5.14(a) and Figure 5.14(b), respectively.  
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Table 5.3: Surface residual stress measurements (×Fy) 
Surface residual stress Flat Corner 
Experimental with 
flat (35 samples) and 
corner (12 samples) 
Membrane 0.11 -0.15 
Bending 0.71 0.39 
Model Membrane 0.17 -0.17 
Bending 0.6 0.6 
 
A lognormal distribution was found for the longitudinal membrane residual stress whereas a 
normal distribution was found for the longitudinal bending residual stress. The statistics are 
are summarised in Table 5.4.  
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(a) Distribution for the magnitude of the longitudinal bending residual stress as a percentage of yield 
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Figure 5.14: Statistical distribution for  residual stress pattern 
 
Table 5.4: Statistical data for membrane and longitudinal bending residual surface stress 
Type μ/Fy σ/Fy Distribution 
Longitudinal bending 
residual stress (σb)  
0.7 0.05 Lognormal 
Membrane residual stress 
(σm)  
0.1 0.08 Normal 
 
5.5 Probabilistic modelling of residual stress in HSS frame 
The application of the proposed nominal stress-strain curve in modelling the longitudinal 
bending residual stress in HSS frames is verified by performing a probabilistic study. The 
HSS used in this section is based on C450 grade, thus the nominal yield stress and Young's 
modulus are defined as 450 MPa and 200 GPa, respectively, and the nominal longitudinal 
bending residual stress (σb) is defined as 315 MPa. The magnitude of the longitudinal 
bending residual stress is determined such that the σb/Fy ratio (0.7) is the same as the ratio for 
C350 grade HSS. The nominal modified stress-strain curve derived based on the material 
properties of C450 HSS are shown in Figure 5.15.  
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Figure 5.15: Nominal stress-strain curve used in nominal model 
 
 
 
Frame 1 Frame 2 
L =8 m 
L =8 m 
H
=
 4
m
 
L =2 × 6 m=12m 
L =6 m 
H
=
 3
 ×
 6
 m
=
1
8
 m
 
 
Chapter 5- Modelling of Residual Stress for 3D Cold-Formed Hollow Steel Frames 
 
144 
 
 
 
  
Frame 3 Frame 4 
  
 
 
  
Frame 5 Frame 6 
H
=
 6
 x
 4
m
=
2
4
m
 
H
=
 4
 x
 6
m
=
 2
4
 m
 
L =6 m 
L =6 m 
L =6 m 
L =6 m L =6 m 
L =6 m 
L =6 m 
L =6 m 
H
=
 8
 m
 
H
=
 3
 x
 6
 =
 1
8
 m
 
L =6 m 
L =6 m 
Chapter 5- Modelling of Residual Stress for 3D Cold-Formed Hollow Steel Frames 
 
145 
 
 
 
Frame 7 Frame 8 
Figure 5.16: Frame configurations 
 
Eight moment-resisting space frames with configurations shown in Figure 5.16 which 
consisted of regular and irregular geometries are used in this study. The cross-section sizes 
for each frame can be found in Appendix C.1. Advanced analysis is carried out for each 
frame with and without considering the proposed stress-strain curve to model the longitudinal 
bending residual stress. Details of the advanced analysis model are given in Chapter 3. The 
ultimate load factors obtained for each frame are denoted as 
0
n  and 
1
n , without considering 
the longitudinal bending residual stress and considering the longitudinal bending residual 
stress by using the proposed stress-strain curve, respectively. For each frame, the ultimate 
load factors (
0
n ,
1
n ) are compared with the mean of the ultimate load factors ( )r  ) of the 
frame considering 200 randomly generated stress-strain curves using Latin Hypercube 
Sampling (LHS) technique. The distributions of the ultimate load factor were found to be 
lognormal and are shown in Appendix C.2. Two cases are examined: (1) only the longitudinal 
bending residual stress is randomly generated while keeping Young's modulus and yield 
stress at their nominal values, (2) since the magnitude of residual stress is directly related to 
the magnitude of Young's modulus and yield stress as shown in Equation 5.30, the 
randomness in yield stress and Young's modulus is considered using the statistics presented 
in Table 6.8.  
 
It should be mentioned in both cases that the yield stress, Young's modulus and the 
longitudinal bending residual stress are considered to be correlated between all members of 
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the frames. Table 5.5 presents the statistics ( )r  ,
1( / )r nCOV   ) of the ultimate load factor 
for eight moment-resisting frames considering Case 1. 
 
The errors (Error
0 
(%) and Error
1
(%)) on 
0
n  and 
1
n  relative to )r   for with and without 
considering the longitudinal bending residual stress using the proposed stress-strain curve, 
respectively, are summarised in Table 5.5. The results indicate that the nominal strength of 
the frame without considering the proposed stress-strain curve overestimates the mean 
( )r  ) by an average error of 25.95% with maximum error (Error
0 
(%)) of 32.03%, 
corresponding to Frame 4. The error (Error
1
(%)) decreases dramatically to an average of 0.3% 
with maximum error of 1.34%, corresponding to Frame 7, when the proposed stress-strain 
curve is included. The errors (%) for the eight moment-resisting frames are shown in Figure 
5.17.   
 
Table 5.5: Verification results for sway frames subjected random residual stress only (Case 1) 
SF SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 
)r   5.640 2.466 2.147 8.30 1.116 2.083 1.75 2.553 
0
n  8.043 1.933 2.912 12.21 1.551 2.526 2.38 3.188 
1
n  5.630 2.463 2.146 8.278 1.115 2.076 1.729 2.553 
0 (%)Error  29.873 27.56 26.266 32.03 28.03 17.532 26.35 19.93 
1(%)Error  0.187 0.10 0.062 0.30 0.09 0.305 1.34 0.02 
1( / )r n    1.002 1.00 1.001 1.00 1.00 1.003 1.01 1.00 
1( / )r nCOV    0.016 0.017 0.010 0.01 0.013 0.022 0.02 0.014 
1( / )r nMin    0.938 0.97 0.976 0.97 0.95 0.957 0.83 0.96 
1( / )r nMax    1.060 1.05 1.037 1.06 1.03 1.070 1.05 1.04 
  
The statistical data of ultimate load factors by considering 200 randomly generated stress-
strain curves which consider randomness in yield stress, Young's modulus and residual stress 
(case 2) are summarised in Table 5.6.  
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Figure 5.17: Error (%) for sway frames considering randomness in residual stress only (case 2) 
 
Table 5.6: Verification results for sway frames subjected to randomness in yield stress, Young's 
modulus and residual stress (Case 2) 
SF SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 
)r   5.836 2.564 2.228 8.62 1.158 2.175 1.83 2.665 
0
n  
8.043 1.933 2.912 12.21 1.551 2.526 2.38 3.188 
1
n  
5.630 2.463 2.146 8.278 1.115 2.076 1.73 2.553 
0 (%)Error  
27.442 32.65 23.512 29.45 25.34 13.87 23.18 16.40 
1(%)Error  
3.660 4.10 3.800 4.09 3.83 4.76 5.70 4.39 
1( / )r n    1.037 1.04 1.038 1.04 1.04 1.05 1.06 1.04 
1( / )r nCOV    0.060 0.061 0.059 0.06 0.064 0.069 0.06  0.065 
1( / )r nMin    0.888 0.86 0.824 0.85 0.87 0.83 1.06 0.87 
1( / )r nMax    1.237 1.21 1.181 1.23 1.33 1.24 1.24 1.22 
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Figure 5.18:Absolute error (%) for sway frame considering random randomness in yield stress, 
Young's modulus and residual stress 
 
Table 5.6 shows that for Case 2 which considers the effect of randomness in Young's 
modulus and yield stress, the maximum COV is increased from 0.022 to 0.069 with the 
mean-to-nominal ratio ( 1( / )r n   ) increasing from 1.01 to 1.06. The higher mean-to-nominal 
and COV in Case 2 are due to the higher mean-to-nominal and COV of the yield stress (see 
Table 6.8). A comparison of the histograms of the frame ultimate load factors for Frame 7 
which considers both cases is shown in Figure 5.19. Both distributions were observed to be 
log-normal distributed. Furthermore, as shown in Table 5.6, the nominal strength of the 
frames without considering the longitudinal bending residual stress for Case 2 overestimates 
the mean ( )r  ) by an average error of 23.98% with a maximum error (
0 (%)Error ) of 
32.65%, corresponding to Frame 2. The error (
1(%)Error ) decreases to an average of 4.29% 
with maximum error of 5.7%, corresponding to Frame 7, when the proposed stress-strain 
curve is included. It should be noticed that while the average COV increases from 0.015 to 
0.061 when Case 1 is compared with Case 2, the maximum error (Error
1
(%)) is decreased to 
less than 6% when the proposed stress-strain curve is used. On the other hand, the large 
discrepancy between the nominal frame ultimate load factor (
0
n ) and the mean ultimate load 
factor ( )r  ) suggests that the ultimate strength of the frame is substantially overestimated 
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if the longitudinal bending residual stress is not accurately implemented into the finite-
element model.  
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Figure 5.19: Comparison of ultimate load factor for SF7 considering Case 1 and Case 2 
 
5.6 Conclusion 
In this chapter, the influence of different components of residual stress on the ultimate 
strength of HSS frames was investigated by incorporating different stress-strain curves into 
the finite-element model. Based on the results, it can be concluded that the longitudinal 
bending residual stress has a dominant influence in affecting the ultimate strength of the 
frames. A proposed stress-strain curve expressed as a polynomial function is used to account 
for the longitudinal bending residual stress in the nominal model.  
 
A probabilistic study is performed for various regular and irregular 3D space HSS frames to 
verify the accuracy of the proposed stress-strain curve. It was found that by using the 
proposed stress-strain curve, the maximum errors in predicting the mean ultimate load factors 
of the frame considering randomness in Young's modulus, yield stress and longitudinal 
bending residual stress is less than 6%. 
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Chapter 6-System Reliability Framework for Designing 
3D Steel Frames by Advanced Analysis 
6.1 Introduction 
Steel structures are designed on a daily basis by structural engineers. The conventional design 
process entails an analysis, which produces internal actions like moments and axial forces, 
followed by a design check based on Load and Resistance Factor Design (LRFD) [1], to 
verify that each member has adequate strength, i.e. 
 
 
mR Qi nimember
    (6.1) 
where Rmember is the member resistance calculated using the provisions of a steel design code, 
    are the load effects that are dimensionally consistent with the resistance, and φm and γi are 
resistance and load factors, respectively, that reflect uncertainties in strength and loads. In 
this method the system effects are only reflected in the design implicitly through the use of 
“effective length factors”. However, the simple and effective length factor concept cannot 
predict the complex interactions between members of a large structural system accurately, 
neither can it capture the inelastic load redistributions subsequent to first yielding [1], thus, 
this design method may not accurately predict the ultimate load carrying capacity of a 
structural system or the failure mode of the system. The AISC Specification [2] allows the 
use of  "Direct Analysis Method", which is based on a rigorous second-order elastic analysis 
directly modelling member imperfections. In this method, member and system instability are 
checked/detected by the analysis and so the equation-based design checks only need to be 
completed for the cross-section. Since the Direct Analysis Method is still based on elastic 
analysis, it does not capture the often significant load distribution occurring after formation of 
the first plastic hinge.  
 
As an alternative, the system-based design of steel structures by advanced analysis, also 
referred to as Geometric and Material Nonlinear Analysis with Imperfections (GMNIA), 
leads to a more efficient structural design process with more uniform level of structural 
system reliability. The system failure mode also becomes apparent and it is possible to 
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consider the consequences of failure in the design process. The proposed system strength 
check has the LRFD type format: 
 
 
System SystemR Qi ni    
(6.2) 
in which         is the nominal system strength predicted by advanced analysis and φsystem is 
the system resistance factor, which is determined by system reliability analysis in this chapter. 
Design by advanced analysis is now permitted by several steel structures design 
specifications [2, 3, 56], and with the rapid development of nonlinear finite element analysis 
software, there is no longer a technical barrier to use this type of analysis in practical 
applications. 
 
Great attention has been devoted to research on advanced analysis of steel structures over the 
past 30 years [101, 102]. Figure 6.1 schematically shows the load-displacement curves for a 
statically loaded frame obtained from a variety of analysis procedures ranging from first-
order elastic to advanced second-order inelastic analysis. Among all analysis methods, 
advanced analysis can accurately predicts the behavior and ultimate load carrying capacity of 
a structural system, taking into account system effects explicitly such as load distribution 
subsequent to first yielding.  
  
(a) Rigid joint sway frame (b) Load-deflection response 
Figure 6.1: Structural analysis methods [1] 
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This chapter summarizes the statistics of various sources of uncertainty in typical steel frame 
system and outlines a framework for determining the system resistance factors for different 
types of structural systems under various loading such as gravity only and gravity plus wind 
loads. A sample space frame was used to demonstrate the procedures of assessing system 
reliability and developing the relationship between the reliability index (β) and system 
resistance factors (φsystem). Simulation results for an extensive range of 3D low-to-mid-rise 
moment resisting I-section and HSS frames are presented in Chapter 7 and Chapter 8, 
respectively.  
 
In addition, the model uncertainty of advanced analysis is discussed and a variance-based 
(Sobol) sensitivity analysis is performed for HSS and I-section frames with different failure 
modes to provide insight into how the uncertainties in material and geometric properties 
affect the ultimate strength of frames that collapse in a variety of common failure modes. 
 
6.2 System reliability analysis 
The probability of failure for the structural system is defined as: 
 
( ) 0
( ( ) 0) ... ( )f x
g X
P P g X f x dx

       
(6.3) 
 
where X=(X1, X2, X3,… Xn) is an n-dimensional vector of random variables such as applied 
load and structural system resistance, fx(x) is the joint probability density function for X, and 
g() is the limit state function such that g(X) ≤ 0 defines the unsafe region. The classical 
structural reliability equation (Equation 6.3) is transformed to a more practical and familiar 
format of LRFD to use in design by advanced analysis. Following the ASCE7-05 [125], the 
design equation is given by: 
 
 
n n1.2D 1.6Ls nR    (6.4) 
where Dn and Ln are the nominal dead and live load, respectively, applied to the structure. 
The system reliability index ( ) can be obtained using the First-Order Reliability Method 
(FORM) [87] with the limit state function defined in Equation 6.5: 
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 D LGg R    (6.5) 
where RG is the system gravity strength of the frame, D is the dead load and L is the live load. 
Note that RG, D and L are random variables. The limit state function can be rewritten in terms 
of nominal loads and resistance, as follows： 
 
n
n n
n n n
L
1.2 1.6
D LD L
×
D L D
G
n system
R
g
R 
  
  
     
 
  
 
 
 
 
(6.6) 
 
For the gravity plus wind load combination, the design equation is given by: 
 
 
n n n1.2D +0.5L +1.6Ws nR   (6.7) 
where Wn is the nominal wind load (lifetime maximum) and Ln is "arbitrary point-in-time" 
live load.  For this load combination, the limit state function can be expressed as: 
 
 Wwg R   (6.8) 
 
where Rw  is the system lateral load capacity under applied dead load and the "arbitrary-point-
in-time" live load, and W represents the applied wind load. Rw and W are dimensionally 
consistent. 
 
In this study, the probability of failure (Pf) is calculated using the FORM. In this method, the 
probabilistic models for the system strength (RG, Rw) are determined from the frame 
simulations which consider the uncertainties in material and geometric properties, and 
subsequently combined with the load distribution using the FORM. The efficiency of 
sampling is further improved by using Latin Hypercube Sampling (LHS) technique. Once the 
statistics of system strength and load are obtained, the probability of failure for Equation 6.6 
and Equation 6.8 can be readily calculated using the FORM. 
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6.3 Model uncertainty 
Model uncertainty arises from assumptions and approximations made in determining the 
strength of a steel frame using advanced analysis. Sources of model uncertainty include two-
dimensional models of three-dimensional structures, simplified boundary conditions, 
idealized connection behaviour, neglecting non-structural elements, discretization error of 
finite element modelling, etc. Model uncertainty must be accounted for in developing 
probability-based codified design. In theory, the model uncertainty of advanced analysis can 
be estimated by comparing experimental results of frame load tests to the predicted results 
from advanced analysis. However, only limited full-scale load test results are available in the 
literature, e.g., for portal frames [126], steel scaffolding structures [127] and steel rack 
structures [128]. These data are not sufficient to reliably estimate the model uncertainty of 3D 
advanced analysis.  
 
The model uncertainty of advanced analysis is partially accounted for in the statistics of 
structural load effects. The statistics of load effects include three sources of uncertainty: (1) 
the basic variability in the load, (2) uncertainty that arises from load model which transforms 
the actual spatially and temporally varying load into a statically equivalent uniformly 
distributed load (EUDL) which can be used for design purposes, and (3) uncertainty that 
arises from the analysis which transforms the EUDL to a load effect. Since advanced analysis 
uses loads directly (not load effects), one may argue that the aforementioned third source of 
uncertainty is due to the model uncertainty of advanced analysis. Considering this, it may be 
assumed that with current plastic zone type nonlinear finite element software, the model 
uncertainty is unbiased and its COV is relatively small, assumed to be 0.05. The model 
uncertainty is assumed to be a normal distribution. The statistics for the “true” strength of the 
frames can be obtained by combining the simulation results with the model uncertainty. Each 
simulated system strength is multiplied by a randomly generated value of model uncertainty. 
 
Various other sources of uncertainty exist in steel structures which can affect the frame 
ultimate strength. These uncertainties arise as a result of human errors, discrepancies in 
measurement and fabrication tolerances and since the risk caused by these uncertainties 
cannot be eliminated completely, they should be accounted for in the structural design. For 
this reason, system resistance factors should be introduced which account for uncertainties in 
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variables such as loading, Young’s modulus, yield stress, cross-section dimension and 
thickness, initial geometric imperfections and residual stress, as discussed in the following 
sections. 
6.4 Uncertainties in 3D steel frame systems 
In reality, the strength of a steel frame is influenced by various sources of uncertainty, 
including the variabilities associated with material properties and geometric imperfections. 
Furthermore, the use of advanced analysis introduces a source of model uncertainty. These 
uncertainties affect the prediction of system strength. The modern probability-based limit 
state design requires that all the prevailing uncertainties, including model uncertainty be 
accounted for in the analysis and design process using structural reliability theory. 
 
The uncertainties considered in this section include yield stress (Fy), Young’s modulus (E), 
member cross-section properties, residual stress, member and frame initial geometric 
imperfections, and model uncertainty. To reduce the simulation time while still achieving 
statistical accuracy, Latin Hypercube Sampling (LHS) technique is used to efficiently sample 
the random variables. In the present study, 350 simulations are performed for each frame 
using LHS. 
6.4.1 Variability in structural loads 
The statistics of loads obtained from the literatures [129] are summarised for the gravity load 
and the gravity plus wind load combination in Table 6.1 and Table 6.2, respectively.  
 
Table 6.1: Statistical data of loads for the gravity load combination  [129] 
 Normalised Mean COV Distribution type 
Dead Load (D/Dn) 1.05 0.10 Normal 
Live Load (L/Ln) 1 0.25 Extreme Type 1 
 
Table 6.2: Statistical data of loads for the gravity plus wind load combination  [129] 
 Normalised Mean COV  Distribution type 
Dead Load (D/Dn) 1.05 0.10 Normal 
Live Load (Lapt/Ln) 0.25 0.60 Gamma 
Wind Load (W/Wn) 0.96 0.37 Extreme Type 1 
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It should be mentioned that for the gravity load combination, the (lifetime maximum) live 
load is used whereas the "arbitrary-point-in-time" live load (Lapt) is used for the gravity plus 
wind load combination.  
6.4.2 Variability in yield stress and elastic modulus 
The yield stress is one of the most important characteristic of steel structures which often has 
a great influence on the load-carrying capacity of the whole system. It is assumed that the 
yield stress is perfectly correlated between all members and one random value of Fy is 
generated and assigned to all beams and columns. The perfectly correlated case is of interest 
because of its similarity to deterministic analysis where all members are assigned a single 
nominal yield strength. Studies have showed that it is usually conservative to assume the 
properties of  all members are correlated [130, 131].  
 
The modulus of elasticity for both I-section and HSS are modelled as a normal distributed 
variable with a mean equal to the nominal value and a COV of 0.06 [132]. Again, the 
perfectly correlated case has been assumed. 
 
6.4.2.1 I-section 
For hot-rolled I-section, the yield stress is modelled as a lognormal distribution with mean of 
1.05Fyn and a coefficient of variation (COV) of 0.1, as suggested in [132] (Table 6.3).  
 
Table 6.3: Statistical data for I-section material properties 
Random Variable Nomalised Mean COV Distribution Type 
E/En 1 0.06 Normal 
Fy/Fyn 1.05 0.1 Lognormal 
 
 
6.4.2.2 Hollow Steel Section 
The statistics for Young’s modulus and the yield stress of cold-formed HSS are summarised 
in Table 6.4 [132].  
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Table 6.4: Statistical data of material properties for HSS  
Random Variable Nomalised Mean COV Distribution Type 
E/En 1 0.06 Normal 
Fy/Fyn 1.1 0.1 Lognormal 
 
6.4.3 Variability in cross-section dimensions 
 
6.4.3.1 I-section 
Cross-sectional geometric properties of I-section members have been statistically evaluated in 
[133, 134] based on the experimental measurements of 369 hot-rolled IPE160-IPE240 I-
section profiles. The relative geometric characteristics are listed in Table 6.5 as the ratio of 
the real characteristic obtained from the measurement of cross-sectional geometry (e.g. cross-
section depth h) to the nominal dimension. Correlations have been observed between all 
measured data and also employed in this study. The correlation matrix can be found in Table 
6.6. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: I-section cross-sectional dimensions 
 
 
 
Table 6.5: Statistical data of I-section cross-section dimensions 
Dimension Nomalised mean COV 
Section depth (h) 1.001 0.00443 
Section width (b1) 1.012 0.01014 
Section width (b2) 1.015 0.00947 
Web Thickness (t1) 1.055 0.03964 
b1 
b2 
h 
t21 
t22 
t1 
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Flange thickness(Upper) (t21) 0.988 0.04410 
Flange thickness(Lower) (t22) 0.988 0.04861 
 
The correlation matrix in Table 6.5 shows a strong correlation between the width of the upper 
flange (b1) and lower flange (b2) with a correlation coefficient of 0.6227. There was also a 
strong correlation in the thickness of the top and bottom flanges, with a correlation 
coefficient of 0.7634. Using the statistics in Table 6.5 and correlation matrix in Table 6.6, it 
was found that both the moment of inertia and cross-sectional area have a mean-to-nominal 
ratio of unity and a COV of about 0.05. These results are comparable to those reported 
elsewhere [115]. The statistical distribution for the cross-section area can be found in Figure 
6.3. 
 
Table 6.6: Correlation matrix for I-section cross section dimension 
 h b1 b2 t1 t21 t22 
h 1 -0.0068 0.0534 0.0399 -0.0686 -0.0989 
b1 -0.0068 1 0.6227 -0.2142 -0.2681 -0.1456 
b2 0.0534 0.6227 1 -0.2132 -0.1596 -0.0423 
t1 0.0399 -0.2142 -0.2132 1 0.2368 0.2451 
t21 0.0686 -0.2681 -0.1596 0.2368 1 0.7634 
t22 0.0989 -0.1456 0.0423 0.2451 0.7634 1 
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Figure 6.3: Distribution of the cross-sectional area for I-section 
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6.4.3.2 Hollow Steel Section 
Cross-section thickness of HSS were statically examined in [117] based on the experimental 
measurement of 28 HSS which consisted of 896 data points of the actual thickness. The 
distribution of the non-dimensionlised thickness is shown in Figure 6.5. The mean and 
standard deviation are also shown in Table 6.7. The thickness is modelled by a normal 
distribution. In the simulation, it is assumed that there is no correlation in thickness between 
the members. 
 
Table 6.7: Statistical data of HSS cross-section thickness 
Type Normalised mean COV Distribution type 
Thickness (t/tn) 0.964 0.039 Normal 
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Figure 6.4: Distribution of the thickness for HSS  
 
6.4.4 Variability in initial geometric imperfections 
The modelling of geometric imperfections is based on the method proposed in Chapter 4. The 
member initial out-of-straightness can be expressed as the combination of a given number of 
buckling modes of a single column under compression: 
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(6.9) 
 
in which  x [0,1] is the normalized coordinate along the length of the member, δ denotes the 
initial out-of-straightness at location x, ai is the scale factor for the ith  mode, and is modelled 
as a random variable. It has been shown that in general, using the first 3 modes is sufficient to 
model member out-of-straightness [112].  
 
6.4.4.1 I-section 
To determine the statistics for the scale factors ai for I-section, the initial-out-straightness 
data of hot-rolled IPE-160 columns reported by ECCS Committee 8.1 [135] were analysed. The 
reported data comprise the out-of-straightness measured at mid-length and quarter points in both 
principal axis directions. The strong and weak principal axes are shown in Figure 4.1. The 
non-dimensionalised measured imperfections are then expanded into the first three buckling 
modes and the statistical characteristics (mean (μ), standard deviation (σ) and probabilistic 
distribution) of the amplitude for each mode are acquired, denoted as (α1, α2, α3 ), (Table 4.2 
and Table 4.3). Furthermore, random sway imperfections (out-of-plumbness) are generated 
for the whole frame using the statistics provided by Lindner (Figure 4.3) and superimposed 
onto the FE model. 
 
6.4.4.2 Hollow Steel Section 
The scale factors ai for HSS were derived based on the experimental measurement on three 
sets of data, one from the Milan Polytechnic University [118] and two from the University of 
Sydney, Wilkinson [119] and Key [120]. The statistics of the amplitude for each scale factors 
are summarised in Table 4.4. Furthermore since there is no data for the out-of-plumbness of 
HSS frames, so the statistical data for the out-of-plumbness of I-section frames reported by 
Linder [121] (see Figure 4.3) was also applied to HSS frames.  
 
6.4.5 Variability in residual stress 
 
6.4.5.1 I-section 
Hot-rolled steel members are not usually stress relieved, so the uneven cooling rate after the 
rolling process creates a set of self-equilibrating initial stresses in the cross-section, 
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particularly in hot-rolled I-section where the flange and web intersections cool at a slower 
rate than the flange tips and web centre. The residual stress (pattern and magnitude) was 
modelled using the ECCS (European Council for Constructional Steelworks) residual stress 
model [56] as shown in Figure 6.5. To consider the variation in residual stresses, the method 
proposed in [136] was adopted. In this approach, a scale factor (X) was applied to the ECCS 
residual stress pattern which minimizes the errors between the theoretical model and 
experimental measurements. Based on 63 actual residual stress measurements obtained from 
the literature, it was found that the scale factor X has a mean of 1.047 and a COV of 0.21. 
The residual stress is assumed to be constant along the length of the member and correlated 
between the members of the frame. Statistical data for the scale factor can be found in Table 
6.8. 
 
Figure 6.5: ECCS residual stress pattern 
 
Table 6.8: Statistical data of scale factor for residual stress in I-section  
 Normalised Mean COV Distribution type 
Scale Factor (χ) 1.047 0.21 Normal 
 
 
6.4.5.2 Hollow Steel Section 
The uncertainty considered in residual stress of HSS is the longitudinal bending residual 
stress and longitudinal membrane residual stress. The statistical data based on Davison and 
Birkemoe's model [124] are summarised in Table 5.4 for the longitudinal bending and the 
membrane components of residual stress. In the simulation, it is assumed that both 
components of residual stress are perfectly correlated between all members. Probabilistic 
modelling of these two components of residual stress is outlined in Sections.5.4-5.7 
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6.5 Sensitivity analysis 
A sensitivity analysis is a study of how uncertainty in the output of a mathematical model or 
system (numerical or otherwise) can be apportioned to different sources of uncertainty in its 
inputs. The sensitivity analysis carried out in this study aimed to identify the dominant 
random quantities in order to model the specific uncertainty in the reliability studies. Sobol 
(variance-based) sensitivity analysis is used in this study [137]. The Sobol first-order 
sensitivity index ( iS ) for the load-carrying capacity of a structural system can be calculated 
as: 
 2
2
( ( | ))
( )
i xi
i
Y
V E Y x
S
V Y


   
(6.10) 
 
where ( ( | ))iV E Y x  and xi are the variance and standard deviation, respectively for the frame 
ultimate strength considering only one random variable in a steel frame, whereas  ( )V Y and 
Y  are the variance and standard deviation, respectively for frame ultimate strength 
considering all uncertainties in all variables in a steel frame. 
 
To perform the Sobol sensitivity analysis, a three-storey space frame is used with the 
configuration shown in Figure 6.6. Triangular distributed loads of 14 kN/m are applied along 
the beams based on tributary areas. The frame is designed using HSS and I-section separately 
and then the sensitivity analysis is performed for frames with different failure modes. The 
cross-sections can be found in Appendix D.1.  
 
 
Figure 6.6: Three-storey space frame configuration 
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6.5.1 HSS frame: Fully yielded beams and fully yielded columns 
The frame is designed to fail in the BFY-CFY (beam fully yielded and column fully yielded) 
failure mode. The definition of this failure mode is discussed in Chapter 3. The standard 
deviations (σ) of the frame ultimate strength when considering only one random variable in 
the simulation and sensitivity indices (Si) are summarised in Table 6.9. Comparisons between 
the distributions of ultimate frame strength are illustrated in Figure 6.7. The standard 
deviation of the frame ultimate strength when considering uncertainties in all variables is 
0.2166. 
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(c) Uncertainty in thickness vs uncertainties in all 
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(d) Uncertainty in initial geometric imperfection 
vs uncertainties in all variables 
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(e) Uncertainty in longitudinal bending residual 
stress vs uncertainties in all variables 
(f) Uncertainty in membrane residual stress vs 
uncertainties in all variables 
 
Figure 6.7: Comparisons of ultimate load distributions considering different random variables 
 
Table 6.9: Results of sensitivity analysis for three-storey space frame with failure mode BFY-CFY 
Random variable σ Si (%) 
Uncertainties in all variables 0.2166 100 
Young’s modulus 0.003 0.019 
Yield stress 0.211 94.99 
Thickness 0.070 10.41 
Initial geometric imperfection 0.0015 0.005 
Longitudinal bending residual stress 0.0053 0.060 
Membrane residual stress 0.0012 0.003 
 
It follows from Table 6.9 that the dominant uncertainty that affects the ultimate strength of 
the frame is the uncertainty in the yield stress with a sensitivity index of 94.99%. This is due 
to the fact that the frame fails by yielding of beams and columns, and therefore the ultimate 
strength of the frame is highly correlated to the variation in the yield stress. Furthermore, the 
sensitivity index is at its lowest for the longitudinal bending and membrane residual stress 
with sensitivity indices of 0.06% and 0.03%, respectively. This occurs due to minor second-
order effect in this particular failure mode. The sensitivity index for each variable is 
illustrated in Figure 6.8. 
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Figure 6.8: Sensitivity indices (%) of random variables in HSS frame with failure mode fully yielded 
beams and columns 
6.5.2 HSS frame: Sway instability and column partially yielded 
 
The failure mode of sway instability plus partially yielded columns (SWAY-CPY) is 
achieved by reducing the size of the columns and increasing the size of beams (strong beam, 
weak column). The distribution of the frame ultimate strength for considering uncertainty in 
only one variable is compared with the distribution of the frame ultimate strength considering 
uncertainties in all variables as shown in Figure 6.9. The statistical data is summarised in 
Table 6.10. 
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(c) Uncertainty in thickness vs uncertainties in all 
variables 
(d) Uncertainty in initial geometric imperfection 
vs uncertainties in all variables 
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(e) Uncertainty in longitudinal bending residual 
stress vs uncertainties in all variables 
(f) Uncertainty in membrane residual stress vs 
uncertainties in all variables 
 
Figure 6.9: Comparisons of ultimate load distributions considering different random variables 
 
Table 6.10: Results of sensitivity analysis of three-storey space frame with failure mode SWAY-CPY 
Random variable σ  Si (%) 
Uncertainties in all variables 0.108 100 
Young’s modulus 0.031 8.23 
Yield stress 0.085 61.94 
Thickness 0.042 15.12 
Initial geometric imperfection 0.053 24.08 
Longitudinal bending residual stress 0.045 17.36 
Membrane residual stress 0.003 0.077 
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As can be seen from Table 6.10, the yield stress has the highest sensitivity index of 61.94%, 
followed by initial geometric imperfection (24.08%), the longitudinal bending residual stress 
(17.36%) and thickness (15.12%), Young’s modulus (8.23%), and membrane residual stress 
(0.077%). It should be mentioned that the sensitivity index of the random variables other than 
the yield stress had increased compared to the result shown in Table 6.9. This occurred due to 
the fact that the failure mode is frame instability where the frame ultimate strength is 
sensitive to the second-order effects, which, in turns, are sensitive to variations in initial 
geometric imperfections, Young's modulus and residual stress. It should be mentioned that 
the membrane residual stress has minor effect on the ultimate strength of the frame for both 
frame failure modes. The sensitivity index (%) of each random variable can be found in 
Figure 6.10.  
 
 
Figure 6.10: Sensitivity indices (%) of random variables in HSS frame with failure mode sway 
instability and partially yielded columns 
6.5.3 I-section frame: Flexural-torsional buckling and column partially 
yielded 
 
Thin-walled I-section steel frames are commonly used in engineering construction, but due to 
their low torsional stiffness, they are susceptible to flexural-torsional buckling. In this section, 
the failure mode of flexural-torsional buckling and partially yielded columns (BFTB-BPY-
CPY) was achieved for the three-storey frame without laterally restraining the beams. The 
failure modes are explained in Chapter 6. Comparison between the distributions of ultimate 
load factor of the frame considering different uncertainties are shown in Figure 6.11.  
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(c) Uncertainty in initial geometric imperfection vs 
uncertainties in all variables 
(d) Uncertainty in thickness vs uncertainties in 
all variables 
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(e) Uncertainty in residual stress vs uncertainties in 
all variables 
 
 
Figure 6.11: Comparison of ultimate load distributions considering different random variables 
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Table 6.11: Results of sensitivity analysis of three-storey space frame with failure mode BFTB-BPY- 
CPY 
Random variable σ Si (%) 
Uncertainties in all variables 0.1000 100 
Young’s modulus 0.0523 27.4 
Yield stress 0.0592 35.04 
Initial geometric imperfection 0.0276 7.62 
Cross-section area 0.0527 27.77 
Residual stress 0.0332 11.02 
 
As it can be observed in Table 6.11, the standard deviation (σ) when considering 
uncertainties in all variables is 0.1, and the random variable with the highest sensitivity index 
is the yield stress (35.04%), followed by Young’s modulus (27.4%), the cross-section area 
(27.77%), residual stress (11.02%) and initial geometric imperfections (7.62%). Since the 
failure more is related to member instability (flexural-torsional buckling of beam), second-
order effects affect the frame ultimate strength. It should be mentioned that the sensitivity 
index for initial geometric imperfection is lower as compared to the sensitivity index 
summarised in Table 6.11. This is due to the facts that (i) flexural-torsional buckling is 
susceptible to out-of-straightness while frame sway instability is susceptible to out-of-
plumbness, and (ii) the COV for out-of-straightness is smaller than the COV for frame out-
of-plumbness, thus resulting in a smaller COV for the frame ultimate strength and a smaller 
sensitivity index. The sensitivity index (%) for each random variable is shown in Figure 6.12.  
 
 
Figure 6.12: Sensitivity indices (%)for I-section frame with failure mode BFTB-CPY 
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6.5.4 I-section: Sway instability and column partially yielded 
 
A sensitivity analysis was carried out for a three storey frame with the failure mode of sway 
instability and partially yielded columns (SWAY-CPY). The distributions of the frame 
ultimate strength considering uncertainties in all variables are illustrated in Figure 6.13.  
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Figure 6.13: Comparison of the histograms of ultimate load factor considering different random 
variables 
 
Table 6.12: Results of sensitivity analysis of three-storey space frame with failure mode SWAY-CPY 
Random variable σ Si (%) 
Uncertainties in all variables 0.162 100 
Young’s modulus 0.047 8.42 
Yield stress 0.113 48.65 
Initial geometric imperfection 0.087 28.84 
Cross-section area 0.062 14.65 
Residual stress 0.064 15.61 
 
As can be seen from Table 6.12, the standard deviation (σ) when uncertainties are considered 
in all variables is 0.162, and the random variable with highest sensitivity index is the yield 
stress (48.65%) followed by the initial geometric imperfection (28.84%), residual stress 
(15.61%), cross-sectional area (14.65%) and Young’s modulus (8.40%). It should be 
mentioned that the sensitivity indices are similar to the sensitivity indices summarised in 
Table 6.10. This is due to the fact that the failure modes for the frame designed with both 
section profiles are the same. The sensitivity indices (%) for each random variable are shown 
in Figure 6.14.  
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Figure 6.14: Sensitivity indices (%) of random variables in I-section frame with failure mode: sway 
instability and column partially yielded 
6.5.5 Summary 
 
Based on the results presented in Tables 6.9-6.12, the effect of yield stress generally 
dominates the ultimate strength of the frame when compared to the effects of other random 
variables. Furthermore, the membrane residual stress in HSS has a minor effect on the 
ultimate strength of the frames. Similar finding was reported in [64]. 
 
It should be noted that the sensitivity analysis provided in this chapter is only indicative of 
the general effect of uncertainty in each variable, which may depend on the frame 
configuration and the slenderness of the members. For example, when the slenderness ratio of 
all members in a frame is close to unity, the frame tends to be susceptible to the second-order 
effect where initial geometric imperfections and residual stress have a significant influence 
on the frame ultimate strength. Consequently, since various frame configurations, different 
failure modes and different cross-section profiles are considered in this study, it was decided 
to include all the key parameters described in Section 6.4 as random variables in the 
simulations. 
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6.6 Reliability framework 
The procedure for developing a system reliability-based design format for 3D steel frames 
can be summarized in five main steps, as follows: 
 
(1) A series of low-to-mid-rise 3D steel frames are chosen to cover a wide range of system 
behaviors, including different failure modes. The frames are subjected to gravity and 
combined gravity and wind loads. 
 
(2) A range of system resistance factors (φsystem) are considered for each frame. For a given 
φsystem, the designs of the frame are modified to satisfy the limit state equation (Equation 6.2) 
(system-based design). This can be achieved by adjusting either the cross-sections or the 
loads. In the former approach, for each specific value of φsystem, new combinations of cross-
section are selected to satisfy the limit state equation while the total applied load remains 
constant (referred to as Method 1 in this chapter). The second method (Method 2) is based on 
changing loads for different values of φsystem to satisfy Equation 6.2 while the cross-sections 
remain unchanged. 
 
(3) For all designed frames, Monte Carlo simulations are performed to develop a probabilistic 
model (distribution type, mean and standard deviation) for the system strength, considering 
the randomness in material and geometric properties. 
 
(4) Using the developed statistics for the frame ultimate strength (R) in Step 3, and the 
probabilistic models for dead load (D) and live load (L), the reliability index (β) can be 
determined for all frames by using First-Order Reliability Method (FORM) [87]. The 
reliability index is related to the structural failure probability by         , where Pf is the 
probability of failure and     is the standard normal distribution function. Different live to 
dead load ratios (Ln/Dn) as well as wind-to-gravity ratios Wn/(Dn+Ln) need to be considered. 
 
(5) For different frames with different failure modes, the relationships between β (reliability 
index) and φsystem (system resistance factor) are plotted, thus enabling  φsystem to be determined 
for a given level of target reliability. 
Steps 2-5 are demonstrated using a space moment-resisting frame in this chapter. 
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6.7 An example frame 
A three-storey space frame with configuration shown in Figure 6.6 is used as an example to 
demonstrate the procedure for deriving the system resistance factor. The gravity loads on 
slabs are converted to triangular/trapezoidal distributed loads applied along the beams based 
on tributary areas, while wind loads are applied as point loads at the beam-column joints of 
the wind-loaded façades. The frame is subjected to the gravity load combination (1.2Dn + 
1.6Ln) and the gravity plus wind load combination (1.2Dn + 0.5Ln + 1.6Wn). The load 
combinations used in this study are based on the American Load Standard ASCE 7-05 [125]. 
All the columns are fixed to the ground. Beam-column connections are modeled as rigid for 
sway frames. The material is modeled as elastic-perfectly plastic with a nominal value of 
elastic modulus (E) of 200000 MPa and a nominal yield stress (Fy) of 320 MPa. Residual 
stress is modeled as a self-equilibrating initial stress using the ECCS (European Council for 
Constructional Steelworks) residual stress model [56] and is defined in ABAQUS at default 
cross-section integration points. Initial geometric imperfections are modeled as a linear 
superposition of the first three elastic buckling modes. All cross-sections are compact hot-
rolled I-sections. 
 
6.7.1 Gravity load combination 
 
For the gravity load combination, dead and live loads are assumed to have the same 
distributions on the frame and so a single resultant gravity load Gn=14 kN/m
2 
is applied. For a 
given live-to-dead load ratio (Ln/Dn), the dead load can be calculated as Dn=Gn/[1.2 + 
1.6(Ln/Dn)], where Gn=14 kN/m
2
 and (Ln/Dn) are given, and subsequently, the live load can 
be obtained as Ln = (Ln/Dn)×Dn.   
6.7.2 Gravity plus wind load combination 
 
For the gravity plus wind load combination, Dn and Ln are assumed to be 5 kN/m
2
 and 10 
kN/m
2
, respectively. The total nominal wind Wn varies between 144 kN to 720 kN to 
consider different wind-to-gravity (Wn/(Dn+Ln)) load ratios. Four wind-to-gravity load ratios 
are considered in the study and the contribution of each ratio is summarised in Table 6.13.  
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Table 6.13: Contribution of different wind-to-gravity load ratios  
Wn/((Dn+Ln) Weight (%) 
0.05 15 
0.1 40 
0.15 35 
0.25 10 
 
Furthermore, since the frames are three-dimensional space frame and according to ASCE 7-
05  [125], four main wind load categories consisting of 12 wind load cases, including uni-
directional, bi-directional wind loads and wind loads combined with torsional moments are 
considered in this study. Detailed description of the four main wind load categories are 
summarised in Table 6.14 and the 12 wind load cases are shown in Figure 6.15. 
 
Table 6.14: Detailed description for the four categories 
Category Description 
Category 1 
Full design wind load acting on the projected area perpendicular to each 
principal axis of the structure, and separately along each principal axis 
Category 2 
Three quarters of the designed wind pressure acting on the projected area 
perpendicular to each principal axis of the structure in conjunction with a 
torsional moment, considered separately for each principal axis 
Category 3 
Wind loading as defined in category 1, but considered to act 
simultaneously at 75% of its specified value  
Category 4 
Wind loading as defined in category 3, but considered to act 
simultaneously at 75% of its specified value 
 
It should be noted that for frames with an unequal surface area of wind-loaded façade in the x, 
z principal axes, the wind loads applied to the wind-loaded façade with a smaller surface area 
should be reduced by an area reduction factor which can be calculated as follow: 
 Actual
A
Max
A
A
   
(6.11) 
 
where ψA is the area reduction factor, AMax is largest surface area of the frames wind-load 
façade in any principal axis and AActual is the surface area of the frames wind-load façade to 
which the wind loads are applied.  
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Furthermore, it can be seen from Wind Load Cases 5 to 8 and 9 to 12 that the magnitudes of 
wind load have been reduced because there are additional torsional moments involved. The 
torsional moments are applied on the master node which is defined at every floor level of the 
frames. The details of the implementation of the master node can be found in Section 3.7. 
The torsional moments applied for each wind load case can be calculated using Equations 
6.12-6.15: 
 
TX nx x xM =0.75W B e    for x xe = 0.15B  
(6.12) 
 
 
TY nyM =0.75W B ez z   for xe = 0.15Bz  
(6.13) 
 
 
tx1 nz x xM =0.563W B e  for x xe = 0.15B  
(6.14) 
 
 
tz1 nz z zM =0.563W B e  for xe = 0.15Bz  
(6.15) 
where Mt is torsional moment acting about the vertical axis of the building, and ex and ez is 
the eccentricity for the x, z principal axis of the structure, respectively. Bx and Bz is the width 
of the wind-load façade in the x, z principal axis, and Wnx and Wnz is the designed wind load 
acting in the x and z principal axes, respectively.  
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Wind Load Case 9 Wind Load Case 10 
  
Wind Load Case 11 Wind Load Case 12 
(d) Category 4 
Figure 6.15: 12 Design wind load cases 
 
The ultimate load factors (λn) for the three storey frame considering the 12 wind load cases 
are summarised in Table 6.15.  
 
Table 6.15: Frame ultimate load factors for 12 wind load cases 
λn I-section  HSS 
Category 1 
Wind Load case 1 1.16 1.54 
Wind Load case 2 2.48 1.54 
Category 2 
Wind Load case 3 1.53 1.98 
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Wind Load case 4 1.53 1.98 
Wind Load case 5 2.46 1.98 
Wind Load case 6 2.41 1.98 
Category 3 
Wind Load case 7 1.29 1.33 
Wind Load case 8 1.30 1.33 
Category 4 
Wind Load case 9 1.66 1.75 
Wind Load case 10 1.65 1.75 
Wind Load case 11 1.66 1.75 
Wind Load case 12 1.67 1.75 
 
It can be seen from Table 6.15 that Category 1 and Category 3 are more critical than 
Category 2 and Category 4 for both I-section and HSS indicating that the cases of combined 
wind loads and torsional moments are less significant than the full wind load cases. It is 
therefore decided to select two wind load cases with one case from Category 1 and the other 
from Category 3 to derive the relationship between the reliability index (β) and system 
resistance factor (φsystem) for the gravity plus wind load combination.   
 
6.7.3 System reliability analysis-gravity load combination  
 
The basic idea of the methodology described in Section 6.6 is to establish the relationship 
between the reliability index (β) and the system resistance factor (φsystem) for different frames 
with different failure modes. To achieve this, the frames are designed based on the AS4100 
[3] and then modelled in ABAQUS and analysed by advanced analysis to determine the 
ultimate load factors ( ultimate) under factored gravity loads for the gravity combination. The 
frame ultimate strength (Rn) can be expressed as the product of the total applied load and the 
ultimate load factor (total load ×  ultimate). By substituting this into Equation 6.4, the total load 
can be cancelled out from both sides of the equation and the system resistance factor (φsystem) 
for each single frame, may be determined as φsystem=1/ ultimate. To consider a range of φsystem, 
two different approaches are presented for the gravity load combination. 
6.7.3.1 Adjusting frame cross-sections (Method 1)  
The first method is based on adjusting the cross-sections of steel frame members to develop 
different ultimate load factors ( n) and thereby different resistance factors (φsystem) for each 
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frame. For example, the sample frame was designed to AS4100 [3], the failure mode is 
BFTB-BPY-CPY (beam(s) flexural-torsional buckling, and partially yielded beam(s) and 
column(s)) and the corresponding resistance factor is 0.775 (φsystem =1/ n). The definition of 
failure mode is explained in Section 3.9. The same overall frame geometry is then re-
designed for different values of φsystem (system-based design) using different cross-sections 
for beams and columns, and Monte Carlo simulations are conducted for the frames, 
accounting for uncertainties in material and geometric properties as discussed in Section 6.4. 
The cross-section sizes for each φsystem are summarised in Appendix D.2. The statistics 
(frequency distribution, mean and COV) of the ultimate load factors (λn) are determined and 
summarized in Table 6.16. An example of the frame ultimate load factor histogram, for the 
frame assigned to φsystem = 0.775, is shown in Figure 6.16. A lognormal distribution is fitted 
to the frame strength histogram.  
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Figure 6.16: Statistical distribution (φsystem=0.775) 
 
Using the FORM, the reliability index corresponding to any value of φsystem is determined, 
assuming different load ratios (L /D ) (Equation 6.6). The system reliability index (β) versus 
system resistance factor (φsystem) for the frame is plotted in Figure 6.17. The appropriate 
system resistance factors are obtained for four values of target reliability, i.e. β = 2.5, 2.75, 3 
and 3.5 (Table 6.17). To find a single resistance factor for each frame which does not depend 
on the specific load ratio, a relative weight is assigned to different load ratios (  ). These 
weights represent the best estimate for the likelihood of different load situations [96]. Thus, 
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the final system resistance factors are calculated based on Equation 6.16 and presented in 
Table 6.17. 
  system sii
w    (6.16) 
 
Table 6.16: Frame strength statistics 
Rn φsystem Rm/Rn COV 
0.990  1.010  1.015  0.071  
1.200  0.833  1.023  0.069  
1.290  0.775  1.027  0.071  
1.430  0.699  1.024  0.069  
1.570  0.637  1.029  0.070  
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Figure 6.17: β-φsystem curve for Sway Frame 2 using Method 1 
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Table 6.17: System resistance factors φsystem for frame for different reliability levels, Method 1 
Ln/Dn 
Weight 
(%)  
 φsystem  
β=2.50 β=2.75 β=3.0 β=3.5 
0.5 10 0.95  0.92  0.88  0.82  
1 20 0.93  0.89  0.84  0.76  
1.5 25 0.91  0.87  0.82  0.73  
2 35 0.90  0.85  0.80  0.71  
3 7 0.89  0.84  0.78  0.69  
5 3 0.88  0.82  0.77  0.67  
 φsystem  0.91  0.87  0.82  0.74  
 
6.7.3.2 Adjusting applied loads (Method 2) 
In the second approach, different values of φsystem for any specific frame are achieved by 
scaling the total applied load while the member cross-sections remain unchanged. Clearly, the 
mean-to-nominal values of frame strength ( m/  ) are the same for frames assigned to 
different φsystem. As only the ratio between the mean and nominal strength is used in Equation 
6.4, there is no need to run the simulations for every point in the  −φsystem plots. Monte Carlo 
simulation is run for one frame with specific failure mode and the statistics of bias (Rm/Rn) 
are obtained. Reliability indices (β) are then determined, assuming different values of φsystem 
in Equation 6.6. This method is more efficient as it is faster and needs fewer simulations to 
plot the  −φsystem curves compared to the adjusting frame cross-sections method (Method 1). 
Figure 6.18 shows the reliability index versus the system resistance factor for the frame, 
which fails by BFTB-BPY-CPY. The final values of φsystem obtained for different target 
reliabilities are summarised in Table 6.18. 
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Table 6.18: System resistance factors φsystem for Sway Frame 2 for different reliability levels, Method 
2 
Ln/Dn 
Weight 
(%) 
 φsystem  
β=2.50 β=2.75 β=3.0 β=3.5 
0.5 10 0.95  0.92  0.88  0.82  
1 20 0.93  0.89  0.85  0.76  
1.5 25 0.92  0.87  0.82  0.73  
2 35 0.91  0.85  0.80  0.71  
3 7 0.89  0.84  0.78  0.69  
5 3 0.88  0.82  0.77  0.67  
 φsystem  0.92  0.87  0.82  0.74  
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Figure 6.18: β-φsystem curve for Sway Frame 2 using Method 2 
 
The conclusion drawn from the results displayed in Table 6.17 and Table 6.18 is that both 
methods produce the same outcome for the system resistance factors. As Method 2 requires 
fewer simulations, it is used to derive the  −φsystem plot for the gravity load combination. 
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6.7.4 System reliability analysis- gravity plus wind load combination  
 
The load combination of 1.2Dn + 0.5Ln + 1.6Wn includes both gravity and wind loads are 
considered in this section using the two methods as discussed in Section 6.7.3. It should be 
mentioned that In ASCE 7-05, the design wind load, 1.6W, is based on a wind speed with a 
return period of 50 years (V50). In the more recent standard ASCE 7-10, the design wind load, 
1.0W, is based on a wind speed with a return period of 700 years (V700) for structures in Risk 
Category II. In the upcoming standard ASCE 7-16, the design wind load, 1.0Wn, is also 
based on a wind speed with a return period of 700 years. Since the ratio                the 
design wind loads are approximately the same in all three standards. Hence the system 
resistance factors developed in this work is also applicable to ASCE7-10 and upcoming 
ASCE7-16. Wind Load Case 1 as described in Section 6.7.2 is applied to the sample frame.  
It should be mentioned that for frame subjected to the gravity plus wind load combination, 
the analysis is carried out in two separate steps. In the first step, randomly generated gravity 
loads are applied to the frames and a static pushdown analysis is performed. Once the 
deformed shape of the frame under gravity is obtained and the gravity loads are in position, a 
static lateral wind pushover analysis is performed by increasing the nominal wind load until 
the frame reached its ultimate limit state. The applied lateral load at system failure represents 
the lateral load capacity of the system (Rn) (Equation 6.7) and can be expressed as the product 
of the total applied wind load and the ultimate load factor (total load ×  lateral) and the system 
resistance factor (φsystem) can be determined as φsystem=1/ lateral.   
 
6.7.4.1 Adjusting frame cross-sections (Method 1) 
For a given combination of φsystem and wind-to-gravity ratio, the member sizes are adjusted 
such that the frame is just at its strength limit state. The cross-section sizes for different 
combination of wind-to-gravity ratios and φsystem can be found in Appendix D.3. For each 
designed frame, 350 Monte Carlo simulations are performed to obtain the ultimate load factor 
( lateral) histograms; Figure 6.19 shows the β-φsystem curve derived for the sample frame under 
gravity plus Wind Load Case 1 with failure mode CFY. The statistics (frequency distribution, 
mean and COV) of the ultimate load factors (λlateral) are determined and summarized in 
Appendix D.3. It should be noted that the simulations are based on the random gravity load 
(Dn+Ln) and nominal wind loads (Wn). The statistics of structural loads for the gravity plus 
wind load combination are summarised in Section 6.4.1. An example of the frame ultimate 
load factor histogram, for the frame assigned to φsystem = 0.529 at wind-to-gravity ratio 
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(Wn/(Dn+Ln)) of 0.1, is shown in Figure 6.20. A lognormal distribution is fitted to the frame 
strength histogram. 
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Figure 6.19: Statistical distribution with (φsystem=0.529) (Wn/(Dn+Ln) =0.1) 
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Figure 6.20: β-φsystem curve for Sway Frame 1 subjected to gravity plus Wind Load Case 1 using 
Method 1, failure mode: CFY 
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By performing the FORM, the reliability indices corresponding to any value of   ystem were 
determined. The appropriate system resistance factors are obtained for four values of target 
reliability, i.e.  = 2.25, 2.5, 2.75 and 3.0. To find a single resistance factor for each frame 
which does not depend on the specific wind-to-gravity load ratios, a relative weight is 
assigned to different load ratios (  ). These weights represent the best estimate for the 
likelihood of different wind-to-gravity load ratios (Table 6.13). 
 
Table 6.19: System resistance factors φsystem at different levels of reliability for Sway Frame 1 using 
Method 1 
Wn/(Dn+Ln) 
Weight 
(%) 
φsystem 
β=2.25 β=2.5 β=2.75 β=3.0 
0.05 15 0.86  0.79  0.71  0.65  
0.1 40 0.84  0.76  0.70  0.63  
0.15 35 0.82  0.75  0.68  0.62  
0.25 10 0.82  0.75  0.68  0.62  
φsystem  0.84  0.76  0.69  0.63  
 
 
6.7.4.2 Adjusting applied loads (Method 2) 
Alternatively, in order to consider different combinations of system resistance factors and 
wind-to-gravity load ratios, the cross-section sizes of the frame member are kept unchanged, 
while the loads are adjusted such that the frame is at its strength limit point under each 
prescribed value of system resistance factor. The adjusted applied gravity and wind loads for 
each wind-to-gravity ratio and φsystem are summarised in Appendix D.4. The β-φsystem curve for 
a single frame failing with a specific failure mode can then be derived based on the statistics 
(frequency distribution, mean and COV) of the ultimate load factors for different prescribed 
system resistance factors at different wind-to-gravity load ratios. β-φsystem curve derived for 
the gravity plus wind load combination using the Method 2 is shown in Figure 6.21  
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Figure 6.21: β-φsystem curve for Sway Frame 1 subjected to gravity plus Wind Load Case 1 using 
Method 2, failure mode: CFY 
 
Table 6.20: System resistance factors φsystem at different levels of reliability for Sway Frame 1, using 
Method 2 
Wn/(Dn+Ln) 
Weight 
(%) 
φsystem 
β=2.25 β=2.5 β=2.75 β=3 
0.05 15 0.89  0.80  0.72  0.65  
0.1 40 0.84  0.76  0.69  0.62  
0.15 35 0.83  0.76  0.69  0.63  
0.25 10 0.82  0.74  0.68  0.62  
 φsystem  0.85  0.77  0.70  0.63  
 
Based on the system resistance factors summarised in Table 6.19 and Table 6.20, it can be 
seen that the system resistance factors derived using both methods are consistent for different 
target reliability indices as well as different wind-to-gravity load ratios. It should be 
mentioned that although for the gravity plus wind load combination, both methods require 
Monte Carlo simulations to be carried out for every single value of φsystem  at different wind-
to-gravity load ratios, Method 2 only requires the frame to be designed for a single time and a 
prescribed resistance factor at a given wind-to-gravity load ratio can then be achieved by 
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changing the total applied loads, whereby for Method 1, different cross-section sizes are 
required for different values of system resistance factor at different wind-to-gravity load 
ratios.  
6.7.5 Summary  
 
The conclusion drawn from the results presented in Tables 6.17-6.18 and Table 6.19-6.20 is 
that the system resistance factors derived based on Method 1 and Method 2 are consistent for 
frame subject to gravity and combined gravity and wind loads. Method 2 is more efficient 
than Method 1under the gravity load combination.  
 
6.8 Conclusion 
 
This chapter details a research methodology for determining the system resistance factors for 
the system-based design method of 3D steel frames by advanced analysis. The methodology 
consists of combining advanced analysis method with probabilistic approach considering the 
inherent uncertainties in the ultimate strength of the frame by modelling yield stress, Young's 
modulus, cross-section properties, member/frame initial geometric imperfections and residual 
stress as random variables. The statistics of these uncertainties were summarised from 
literatures and experimental results. The model uncertainty of advanced analysis is also 
considered in the reliability assessment. In addition, Sobol (variance based) sensitivity 
analysis is performed to investigate the effect of each individual uncertainty on the ultimate 
strength of an example space frame. It was found (1) the yield stress has significant effect on 
the frame ultimate strength, and (2) all uncertainties in steel frame system must be considered 
when performing the system-reliability analysis. 
 
Furthermore, a three-storey space frame has been used as an example to demonstrate the 
procedures for developing the relationship between the system resistance factor (φsystem) and 
the system reliability index (β) for gravity loads only and combined wind and gravity loads 
cases using two different methods. Based on the system reliability analysis results, the 
required system resistance factor (φsystem) can be obtained for different levels of target 
reliability. It was found that the system resistance factors produced by both methods are 
identical.  
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Chapter 7-System Reliability-Based Design Criteria for 
3D I-section Steel Frames 
7.1 Introduction 
The system-based design of steel structures using advanced analysis leads to a more efficient 
structural design process and achieves a more uniform level of structural system reliability. 
The main impediment to adopt this method in practical applications is the apparent difficulty 
in assigning an appropriate resistance factor to structural systems. Chapter 6 presents the 
framework of performing system reliability analysis and developing the system resistance 
factors suitable for designing 3D steel frames at system level by advanced analysis. Using 
this framework, this chapter examines the structural reliability of a wide range of 3D low-to-
mid-rise I-section steel frames to find appropriate system resistance factors by means of a 
probabilistic approach. Monte Carlo types of simulations are conducted for a series of 3D 
unbraced (sway) and braced frames including regular and irregular configurations. 
Additionally, the effects of live load reduction, member slenderness, initial geometric 
imperfection and residual stress on the ultimate strength of the frame and on the system 
resistance factor are examined. Based on the simulation results, the FORM analysis is 
performed to determine relationships between the system reliability index and the system 
resistance factor. Recommendations are made for appropriate target reliability and associated 
system resistance factors (φsystem) for use in designing 3D I-section steel frame at system level 
by advanced analysis. Furthermore the system reliability indices for serviceability limit state 
were evaluated for 3D I-section sway frames.  
 
7.2 I-section frame models  
A set of 14 3D I-section sway and braced frames consisting of regular and irregular 
configurations are selected in this study to represent the typical low-to-mid-rise steel building 
inventory. The geometry and support conditions for unbraced (sway) and braced frames are 
illustrated in Figures 7.1 and Figure 7.2, respectively. Various load combinations are applied 
to the frames which are described in Section 6.4.1. 
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The 3D plastic zone open section beam-column element (B31OS) in ABAQUS is used to 
trace the spread of plasticity through the cross-section and along the member length. Using 
the incremental load deflection response, the element geometry in each load increment is 
updated to capture the second-order effects. The material is modeled as elastic-perfectly 
plastic with a nominal value of elastic modulus (E) of 200 000 MPa and a nominal yield 
stress (Fy) of 320 MPa. Residual stress is modeled as a self-equilibrating initial stress using 
the ECCS (European Council for Constructional Steelworks) residual stress model [56] and is 
defined in ABAQUS at default cross-section integration points. The residual stress is 
implemented into the finite-element models by developing a FORTRAN subroutine. Initial 
geometric imperfections are modeled as a linear superposition of the first three elastic 
buckling modes for sway frames and a single mode for braced frames. Details of these two 
methods and the appropriate scale factors can be found in Chapter 4. Based on the 
convergence study, it was found that a mesh size of 200 mm is sufficient, resulting in 
typically 20-40 elements per beam/column member. All cross-sections are compact hot-rolled 
I-sections and both in-plane and out-of-plane behavior is considered in the analysis (3D 
frames). Local buckling is not considered in this study. Nominal material and geometric 
properties are used for determining the nominal strength of the frames. The beam-column 
connections were modelled as rigid for I-section sway frames while both rigid and hinged 
joints were considered for I-section braced frames. The stiffness of the connections on the 
ultimate strength of the frame, and its failure mode, was ignored in this study as the braced 
members are designed in a way that the failure would not occur. 
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Figure 7.1: Layout for 3D I-section sway frames 
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Figure 7.2: Layout for 3D I-section braced frames 
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7.3 Results of simulation for I-section sway frames under gravity 
load combination 
In this study, eight 3D sway frames (Sway Frame 1-8) (See Figure 7.1) under the gravity load 
combination are used to obtain the system resistance factors using Method 2 (see Chapter 6). 
The effect of rigid diaphragms on the system resistance factors is also investigated. The 
section sizes can be found in Appendix E.2. 
 
7.3.1 Simulation results for I-section sway frames without rigid diaphragms 
 
The system resistance factors for all eight sway frames without rigid diaphragms for four 
levels of reliability (β=2.5, 2.75, 3.0, 3.5) are summarised in Table 7.1. The statistical 
distribution of the normalised ultimate strength of the frames (including the bias (Rm/Rn) and 
coefficient of variance (COV)) were obtained by performing Monte Carlo simulations. These 
distributions were found to be log-normal for all frames based on the goodness-of-fit test 
[138]. β-φsystem curves are plotted in Figure 7.3 for Sway Frame 3 without rigid diaphragms 
for five different live to dead load ratios. The results for all frames summarised in Table 7.1 
indicate a consistency in the system resistance factors for a given level of reliability 
irrespective of the frame failure mode (BFTB-BPY-CPY, BFY-CFY, BFY-CPY, etc.) and 
configuration (regular and irregular). The COV of frame ultimate strengths ranges from 0.088 
to 0.132 with the mean-to-nominal value (Rm/Rn) varying from 0.97 to 1.06. 
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Table 7.1:  System resistance factors (φsystem) for I-section sway frames without rigid diaphragms 
under the gravity load combination 
Sway 
frame 
Failure mode Rm/Rn  COV 
 φsystem   
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 1.01 0.097 0.88 0.83 0.79 0.70 
  SWAY-CPY 1.00 0.101 0.87 0.82 0.77 0.69 
Frame 2 BFTB-BPY-CPY 1.00 0.089 0.88 0.84 0.79 0.70 
  SWAY-CPY 1.05 0.132 0.87 0.82 0.77 0.68 
Frame 3 BFTB-BPY-CPY 1.03 0.089 0.90 0.85 0.81 0.72 
  SWAY-CPY 0.97 0.109 0.83 0.79 0.74 0.66 
Frame 4 BFTB-BPY-CPY 1.00 0.092 0.88 0.83 0.79 0.70 
  SWAY-CPY 0.97 0.103 0.84 0.80 0.75 0.67 
Frame 5 BFTB-BPY-CPY 1.00 0.089 0.88 0.83 0.79 0.70 
  SWAY-CPY 1.04 0.106 0.90 0.85 0.80 0.71 
Frame 6 BFTB-BPY-CPY 0.98 0.091 0.86 0.81 0.77 0.68 
  SWAY-CPY 1.06 0.109 0.91 0.86 0.81 0.72 
Frame 7 BFTB-BPY-CPY 0.99 0.088 0.87 0.82 0.78 0.69 
  SWAY-CPY 1.01 0.106 0.87 0.82 0.77 0.69 
Frame 8 BFTB-BPY-CPY 0.99 0.099 0.86 0.82 0.77 0.68 
  SWAY-CPY 1.06 0.112 0.91 0.86 0.81 0.72 
Average φsystem 0.88 0.83 0.78 0.69 
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 (b) β-φsystem curve  
 
Figure 7.3: Sway Frame 3 without rigid diaphragms subjected to the gravity load combination, failure 
mode: BFTB-BPY-CPY 
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7.3.2 Simulation results for I-section sway steel frames with rigid 
diaphragms 
 
The system resistance factors for all eight sway frames with rigid diaphragms are summarised 
in Table 7.2. Due to the presence of rigid diaphragms, flexural-torsional buckling of beams is 
prevented. The statistical distributions of the normalised ultimate strength of the frames were 
obtained by performing Monte Carlo simulations. β-φsystem curves are plotted in Figure 7.4(b) 
for Sway Frame 3 with rigid diaphragms for different Ln/Dn ratios. The histogram of the 
frame ultimate strength for Sway Frame 3 with failure mode BFY-CPY is shown in Figure 
7.4 (a). 
 
Table 7.2: System resistance factors (φsystem) for sway frames with rigid diaphragms under the gravity 
load combination 
Sway 
frame 
Failure mode Rm/Rn  COV 
 φsystem   
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY-CFY 1.08 0.118 0.91 0.86 0.81 0.72 
  BFY-CPY 1.06 0.116 0.90 0.85 0.80 0.71 
  SWAY-CPY 1.04 0.116 0.89 0.84 0.79 0.70 
Frame 2 BFY-CFY 1.08 0.112 0.92 0.87 0.82 0.73 
  BFY-CPY 1.09 0.113 0.93 0.88 0.83 0.73 
  SWAY-CPY 1.06 0.136 0.87 0.82 0.77 0.68 
Frame 3 BFY-CFY 1.06 0.116 0.90 0.85 0.80 0.71 
  BFY-CPY 1.12 0.123 0.94 0.89 0.84 0.74 
  SWAY-CPY 0.98 0.107 0.85 0.80 0.76 0.67 
Frame 4 BFY-CFY 1.06 0.114 0.90 0.85 0.80 0.71 
  BFY-CPY 1.02 0.101 0.89 0.84 0.79 0.70 
  SWAY-CPY 0.97 0.103 0.84 0.79 0.75 0.67 
Frame 5 BFY-CFY 1.08 0.108 0.92 0.87 0.82 0.73 
  BFY-CPY 1.02 0.114 0.87 0.82 0.78 0.69 
  SWAY-CPY 1.05 0.104 0.91 0.86 0.81 0.72 
Frame 6 BFY-CFY 1.06 0.117 0.90 0.85 0.80 0.71 
  BFY-CPY 1.07 0.117 0.91 0.86 0.81 0.72 
  SWAY-CPY 1.05 0.109 0.90 0.85 0.80 0.71 
Frame 7 BFY-CFY 1.05 0.110 0.90 0.85 0.80 0.71 
Chapter 7- System Reliability-Based Design Criteria for 3D I-section Steel Frames 
 
198 
 
  BFY-CPY 1.04 0.110 0.89 0.84 0.80 0.71 
  SWAY-CPY 1.04 0.111 0.89 0.84 0.80 0.71 
Frame 8 BFY-CFY 1.07 0.111 0.91 0.86 0.81 0.72 
  BFY-CPY 1.08 0.116 0.92 0.86 0.81 0.72 
  SWAY-CPY 1.04 0.116 0.89 0.84 0.79 0.70 
Average φsystem 0.90 0.85 0.80 0.71 
 
Table 7.2 shows that for a reliability index of 3.0, the corresponding system resistance factor 
(φsystem) varies from 0.75 to 0.84, with an average of 0.80. The average system resistance 
factor is increased to 0.90 when the reliability index is changed from 3.0 to 2.5. It should be 
noted that the system resistance factors summarised in Table 7.2 are consistent with the 
results shown in Table 7.1, indicating that the system resistance factors are independent of the 
presence of rigid diaphragms and the associated difference in failure modes.  It should be 
mentioned that the floor slabs are represented by rigid diapghragms in this study, the direct 
modelling of slabs can provide a more realistic loading on the beams. However since in this 
study, different types of failure mode of 3D steel frames have been extensively studied and 
summarised, so even if a realistic floor slab and realistic distribution of load are correctly 
modelled in advanced analysis, the actual resulting failure mode of the steel frame will still 
be covered by the failure modes investigated in this thesis, the proposed system resistance 
factors would apply.  
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(a) Distribution of the ultimate load factor 
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(b) β-φsystem curve  
 
Figure 7.4: Sway Frame 3 with rigid diaphragms subjected to the gravity load combination, failure 
mode BFY-CPY 
 
7.4 Simulation results for I-section sway steel frames subject to 
combined gravity and wind loads 
In this section, the system resistance factors were derived for the eight 3D I-section sway 
frames (see Figure 7.1) subjected to combined gravity and wind loads by using Method 2.  
 
7.4.1 Simulation results for I-section sway frames subjected to gravity plus 
Wind Load Category 1  
 
The average system resistance factors for I-section sway frames subjected to combined 
gravity and uni-directional wind loads (Category 1 based on ASCE Standard 7-05 [125]) are 
summarised in Table 7.3. The distributions of the ultimate lateral load factor were found to be 
log-normal for all frames based on the goodness-of-fit test [138]. The distribution of ultimate 
lateral load factors for Sway Frame 5 is shown in Figure 7.5. The reliability index (β) versus 
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system resistance factor (φsystem) for two selected sway frame (Sway Frames 5 and Sway 
Frame 8) are plotted in Figure 7.6 and Figure 7.7, respectively, for four wind-to-gravity 
ratios. The section sizes and applied loads for different combinations of wind-to-gravity load 
ratios and system resistance factor (φsystem) can be found in Appendix E.3.  
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Figure 7.5: Statistic distribution for ultimate load factor for Sway Frame 5 subjected to the gravity 
plus wind load combination with BFY-CFY, for φsystem=0.792  (Ln/Dn=2, Wn/(Dn+Ln)=0.1)  
 
Table 7.3: System resistance factors (φsystem) for sway frame subjected to combined gravity plus uni-
directional wind loads (Wind Load Category 1) 
Sway Frame Failure Mode 
 Average φsystem   
β=2.25 β=2.5 β=2.75 β=3 
Frame 1 (Wind Load Case 1) CFY 0.84 0.77 0.69 0.63 
Frame 2 (Wind Load Case 1) CFY 0.83 0.75 0.68 0.62 
Frame 3 (Wind Load Case 2) BFY-CFY 0.86 0.77 0.70 0.63 
Frame 4 (Wind Load Case 2) BFY-CFY 0.91 0.82 0.74 0.67 
Frame 5 (Wind Load Case 2) BFY-CFY 0.86 0.77 0.70 0.63 
Frame 6 (Wind Load Case 1) BFY-CFY 0.86 0.79 0.71 0.65 
Frame 7 (Wind Load Case 1) BFY-CFY 0.87 0.78 0.71 0.64 
Frame 8 (Wind Load Case 1) BFY-CFY 0.87 0.79 0.72 0.66 
Average φsystem 0.86 0.78 0.71 0.65 
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As can be seen in Table 7.3, the average value of φsystem is 0.78 for a target reliability index 
of 2.5 and is reduced to 0.86 for β=2.25. The system resistance factors for the gravity and 
wind load combination are consistently lower than those for the same frames subjected to 
gravity loads only because the wind load has more variability than gravity loads.  
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Figure 7.6:  β-φsystem curve for Sway Frame 5 subjected to gravity plus Wind Load Case 1 using the 
adjusting of load method, failure mode: BFY-CFY 
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Figure 7.7: β-φsystem curve for Sway Frame 8 subjected to gravity plus Wind Load Case 1 using the 
adjusting of load method, failure mode: BFY-CFY 
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7.4.2 Simulation results for I-section sway steel frames under gravity plus 
Wind Load Category 3 
 
The simulation results for I-section sway frames subjected to combined gravity and bi-
directional wind loads (Wind Category 3) are summarised in Table 7.4. The distributions of 
the ultimate lateral load factor of the frames were found to be log-normal. The histogram of 
the ultimate lateral load factor for Sway Frame 3 with φsystem=0.734 is shown in Figure 7.8. 
The β-φsystem curves for Sway Frames 3 and Sway Frame 6 subjected to gravity plus Wind 
Load Case 7 are shown in Figure 7.9 and Figure 7.10, respectively. Details of the wind load 
cases are illustrated in Figure 6.15. The statistics of frame ultimate strength (Rm/Rn and 
coefficient of variance (COV)), section sizes and the magnitudes of loading for different 
wind-to-gravity ratios and system resistance factors (φsystem) can be found in Appendix E.4. 
 
Table 7.4: System resistance factor (φsystem) for sway frame subjected to gravity plus wind 
combination (Wind Load Category 3) 
Sway Frame Failure Mode 
Average φsystem    
β=2.25 β=2.5 β=2.75 β=3 
Frame 1 (Wind Load Case 7) CFY 0.84  0.77  0.69  0.63  
Frame 2 (Wind Load Case 7) CFY-BFY 0.82  0.75  0.69  0.62  
Frame 3 (Wind Load Case 7) CFY-BFY 0.85  0.77  0.70  0.64  
Frame 4 (Wind Load Case 7) CFY-BFY 0.88  0.80  0.72  0.65  
Frame 5 (Wind Load Case 7) CFY-BFY 0.85  0.78  0.71  0.65  
Frame 6 (Wind Load Case 8) CFY-BFY 0.87  0.79  0.72  0.65  
Frame 7 (Wind Load Case 7) CFY-BFY 0.87  0.79  0.72  0.65  
Frame 8 (Wind Load Case 7) CFY-BFY 0.87  0.79  0.71  0.65  
Average φsystem    0.86 0.78 0.71 0.64 
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Figure 7.8: Statistic distribution for ultimate load factors for Sway Frame 3 subjected to the gravity 
plus wind load combination with failure mode BFY-CFY, for φsystem=0.734 (Ln/Dn=2, 
Wn/(Dn+Ln)=0.1) 
0.60 0.65 0.70 0.75 0.80 0.85 0.90
2.00
2.25
2.50
2.75
3.00
3.25


 Wn/(Dn+Ln) =0.05
 Wn/(Dn+Ln) =0.1
 Wn/(Dn+Ln) =0.15
 Wn/(Dn+Ln) =0.25


system
 
Figure 7.9: β-φsystem curve for Sway Frame 3 subjected to gravity plus Wind Load Case 7 using 
Method 2, failure mode: BFY-CFY 
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Figure 7.10:  β-φsystem curve for Sway Frame 5 subjected to gravity plus Wind Load Case 7 using 
Method 2, failure mode: BFY-CFY 
 
By comparing the results of Table 7.3 and Table 7.4, with a reliability index of 2.25, the 
average system resistance factors (φsystem) for Wind Load Category 1 and Wind Load 
Category 3 are 0.86, whereby the average system resistance factors are decreased to 0.78 for 
both categories when a reliability index of 2.5 is considered. Since the system resistance 
factors derived from both categories are close and consistent, it appears that the system 
resistance factors for the gravity plus wind load combination are independent of the wind 
load cases (uni-direction or bi-direction wind loads).  
 
Furthermore, as can be seen from Table 7.2 and Tables 7.3-7.4, the system resistance factors 
for the gravity plus wind load combination are somewhat lower than the values obtained for 
the same frames subjected to gravity loads. As stated in [96], the suggested target reliability 
indices (β) for member subjected to gravity and gravity plus wind loads are 3.0 and 2.5, 
respectively. The average system resistance factor for the gravity load combination 
considering a target reliability index of 3.0 is 0.8 (Table 7.2) which is consistent with the 
average system resistance factor of 0.79 (Tables 7.3-7.4) considering a target reliability index 
of 2.5 for the gravity plus wind load combination. Therefore, it can be concluded that the 
Chapter 7- System Reliability-Based Design Criteria for 3D I-section Steel Frames 
 
205 
 
system resistance factors are independent of types of load combination (gravity or combined 
gravity and wind loads). 
 
7.5 Simulation results for I-section hinge joint braced frames 
under gravity load combination 
In the practical design of braced frames, beam-to-column connections are usually designed 
using cost-effective hinged connections. In this study, a simple cross-bracing system was 
used because it was ascertained that the layout of the bracing system does not affect the 
ultimate strength of the frames. Bracing members are designed so they will not fail. The 
layout of braced frames can be found in Figure 7.11. In the simulations, the braces were 
modelled as equal angle sections and assumed to be straight without any initial geometric 
imperfections. In addition, different frame failure modes were categorised for hinge joint 
braced frames with and without the presence of rigid diaphragms and the system resistance 
factors are summarized. The cross-section sizes for hinge joint braced frames with different 
failure modes can be found in Appendix E.5. 
7.5.1 I-section hinge joint braced frames without rigid diaphragms 
 
The system resistance factors for the hinge joint braced frames without rigid diaphragms are 
summarized in Table 7.5. β-φsystem curve for Braced Frame 3 is shown in Figure 7.11(b). It 
should be noted that the system resistance factors summarised in Table 7.5 are consistent 
with the results for sway frames presented in Table 7.1 which indicate that for hinge joint 
braced frames without rigid diaphragms, the system resistance factors are independent of the 
frame type (sway or braced).  
 
Table 7.5: System resistance factors (φsystem) for hinge joint braced frame without rigid diaphragms 
subject to the gravity load combination 
Braced Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 
 
BFTB-BPY 1.03 0.092 0.90 0.85 0.81 0.72 
CPY 0.99 0.094 0.87 0.82 0.77 0.69 
Frame 2 BFTB-BPY 0.99 0.090 0.87 0.82 0.78 0.69 
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Frame 3 BFTB-BPY 1.03 0.088 0.91 0.86 0.81 0.72 
Frame 4 
 
BFTB-BPY 1.02 0.087 0.90 0.85 0.80 0.72 
CPY 1.00 0.095 0.87 0.83 0.78 0.69 
Frame 5 BFTB-BPY 1.04 0.102 0.90 0.85 0.80 0.71 
Frame 6 BFTB-BPY 1.03 0.087 0.91 0.86 0.81 0.72 
 Average φsystem 0.89 0.85 0.80 0.71 
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(a) Distribution of the ultimate load factor 
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(b) β-φsystem curve  
 
Figure 7.11: Hinge joint Braced Frame 3 subjected to the gravity load combination, failure mode: 
BFTB-BPY 
7.5.2 I-section hinge joint braced frame with rigid diaphragms 
 
The results of hinge joint braced frames with rigid diaphragms are summarised in Table 7.6. 
The mean-to-nominal of the ultimate frame strength varies from 0.99 to 1.09 while the COVs 
for these frames range between 0.094 and 0.124. The system resistance factors vary from 
0.77 to 0.82 when a target reliability index of 3.0 is used, and increase to a range between 
0.87 and 0.92 when a target reliability index of 2.5 is used. The system resistance factors 
summarised in Table 7.6 are consistent with the results obtained for hinged joint braced 
frames without rigid diaphragms (see Table 7.5). This indicates that the system resistance 
factor (φsystem) for braced frames with hinge joint is independent of the failure mode. The 
system resistance factors shown in Table 7.5 and Table 7.6 are also consistent with those 
shown for sway frames in Table 7.1 and Table 7.2, indicating that the system resistance factor 
is independent of the bracing arrangement (sway or braced frame) and the type of beam-to-
column connection (rigid or hinge joint). β-φsystem curve for Braced Frame 8 with rigid 
diaphragms with failure mode BFY-CPY are shown in Figure 7.12(b).  
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Table 7.6: System resistance factors (φsystem) for hinge joint braced frames with diaphragms subject to 
the gravity load combination 
Braced 
Frame 
Failure Mode Rm/Rn COV 
 φsystem   
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY 1.08 0.118 0.92 0.86 0.81 0.72 
BFY-CPY 1.06 0.120 0.90 0.84 0.80 0.71 
CPY 0.99 0.094 0.87 0.82 0.77 0.69 
Frame 2 BFY 1.08 0.118 0.92 0.86 0.81 0.72 
BFY-CPY 1.06 0.120 0.90 0.85 0.80 0.71 
Frame 3 BFY 1.07 0.121 0.90 0.85 0.80 0.71 
BFY-CPY 1.07 0.120 0.90 0.85 0.80 0.71 
Frame 4 BFY 1.06 0.112 0.91 0.86 0.81 0.72 
BFY-CPY 1.04 0.113 0.89 0.84 0.79 0.70 
Frame 5 BFY 1.05 0.122 0.89 0.83 0.79 0.70 
BFY-CPY 1.06 0.124 0.89 0.84 0.79 0.70 
CPY 1.09 0.120 0.92 0.87 0.82 0.73 
Frame 6 BFY 1.06 0.116 0.90 0.85 0.80 0.71 
  BFY-CPY 1.07 0.119 0.90 0.85 0.80 0.71 
Average φsystem 0.90 0.85 0.80 0.71 
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(a) Distribution of the ultimate load factor 
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(b) β-φsystem curve  
Figure 7.12: Hinge joint Braced Frame 8 with rigid diaphragms, failure mode: BFY-CPY 
 
7.6 Simulation results for I-section rigid joint braced frame under 
gravity load combination 
Although beam-column connections in braced frames are often designed as cost-effective 
hinged connections in most practical steel frame design, the member size for beams can be 
reduced considerably by using rigid joint connections as the moment in mid-span can be 
transferred directly from the beams to the columns through the rigid beam-to-column joints. 
Moreover, in high-rise steel frames, rigid beam-to-column connections are often used 
because the spaces between the floors are valuable. The cross-section sizes for hinge joint 
braced frames with different failure modes can be found in Appendix E.6. 
7.6.1 I-section rigid joint braced frame without rigid diaphragms 
 
The simulation results for I-section rigid joint braced frames without rigid diaphragms (Rm/Rn, 
COV, φsystem) are summarised in Table 7.7. The system resistance factors varied from 0.77 to 
0.83 when a target reliability index of 3.0 is used, and these resistance factors increased to 
Chapter 7- System Reliability-Based Design Criteria for 3D I-section Steel Frames 
 
210 
 
between 0.86 and 0.93 when a target reliability index of 2.5 is used. The system resistance 
factors summarised in Table 7.7 are consistent with the results summarised for I-section 
hinged joint braced frames without rigid diaphragms (see Table 7.5), indicating that the 
system resistance factor (φsystem) is independent of different types of beam-to-column 
connections (rigid or hinged joint connections). 
 
Table 7.7: System resistance factors (φsystem) for rigid joint braced frame without rigid diaphragm 
subject to the gravity load combination 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 1.03 0.091 0.91 0.86 0.81 0.72 
 CB-CPY 0.99 0.089 0.88 0.83 0.79 0.70 
Frame 2 BFTB-BPY-CPY 1.00 0.091 0.89 0.84 0.79 0.71 
Frame 3 BFTB-BPY-CPY 1.02 0.089 0.90 0.85 0.80 0.72 
Frame 4 BFTB-BPY-CPY 1.06 0.090 0.93 0.88 0.83 0.74 
Frame 5 BFTB-BPY-CPY 1.00 0.087 0.89 0.84 0.80 0.71 
Frame 6 BFTB-BPY-CPY 0.99 0.097 0.86 0.82 0.77 0.69 
 Average φsystem 0.89 0.85 0.80 0.71 
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(a) Distribution of the ultimate load factor 
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(b) β-φsystem curve  
 
Figure 7.13: Rigid joint Braced Frame 6 subjected to the gravity load combination, failure mode FTB-
BPY-CPY 
7.6.2 Rigid joint I-section braced frames with rigid diaphragms 
 
The results of the simulation for rigid joint braced frames with rigid diaphragms (Rm/Rn, 
COV, φsystem) are summarised in Table 7.8. The distribution of the frame ultimate strengths 
and β-φsystem curve for Braced Frame 3 are shown in Figure 7.14(a) and Figure 7.14(b), 
respectively. The average system resistance factor is 0.81 when a reliability index of 3.0 is 
used while the system resistance factor is increased to 0.9 when a reliability index of 2.5 is 
considered. It should be noted that the system resistance factors summarised in Table 7.8 are 
consistent with the results shown in Table 7.7 and suggest that the system resistance factors 
are independent of the presence of rigid diaphragms for I-section rigid joint braced frames. 
 
 
 
 
Chapter 7- System Reliability-Based Design Criteria for 3D I-section Steel Frames 
 
212 
 
Table 7.8: System resistance factors (φsystem) for rigid joint braced frame with rigid diaphragms subject 
to the gravity load combination 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.50 
Frame 1 BFY-CFY 1.05 0.115 0.90 0.85 0.80 0.71 
BFY-CPY 1.06 0.115 0.90 0.85 0.81 0.71 
CPY 1.00 0.089 0.89 0.84 0.79 0.71 
Frame 2 BFY-CFY 1.07 0.107 0.92 0.87 0.82 0.73 
BFY-CPY 1.08 0.119 0.92 0.86 0.81 0.72 
Frame 3 BFY-CFY 1.06 0.111 0.91 0.86 0.81 0.72 
BFY-CPY 1.07 0.112 0.92 0.87 0.82 0.72 
CPY 1.00 0.093 0.88 0.84 0.79 0.70 
Frame 4 BFY-CFY 1.06 0.119 0.90 0.85 0.80 0.71 
BFY-CPY 1.06 0.114 0.91 0.86 0.81 0.72 
CPY 1.03 0.079 0.92 0.88 0.83 0.74 
Frame 5 BFY-CFY 1.01 0.126 0.85 0.80 0.76 0.67 
BFY-CPY 1.09 0.123 0.92 0.87 0.82 0.72 
Frame 6 BFY-CFY 1.06  0.120 0.90 0.85 0.80 0.71 
Average φsystem 0.90 0.85 0.81 0.71 
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(a) Distribution of the ultimate load factor 
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(b) β-φsystem curve  
 
Figure 7.14: Rigid joint Braced Frame 3 with rigid diaphragms subjected to the gravity load 
combination, failure mode: BFY-CFY 
7.7 Effect of live load reduction on system resistance factors for I-
section frames 
The modelling of live load reduction was discussed in Section 3.6. In this section, the effect 
of live load reduction on the system resistance factors (φsystem) is investigated. Eight sway 
frames (Figure 7.1) with and without rigid diaphragms were selected to include the live load 
reduction and the statistical distribution of the ultimate frame strength (mean to nominal 
(Rm/Rn) and COV) and the associated system resistance factors were determined. The 
resulting system resistance factors are presented in Table 7.9 and Table 7.10. 
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Table 7.9: System resistance factors (φsystem) for sway frame without rigid diaphragms subject to the 
gravity load combination with consideration of live load reduction 
Sway 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 1.01 0.097 0.88 0.83 0.79 0.70 
 SWAY-CPY 1.03 0.105 0.89 0.84 0.79 0.70 
Frame 2 BFTB-BPY-CPY 1.03 0.089 0.91 0.86 0.81 0.72 
 SWAY-CPY 1.07 0.118 0.91 0.86 0.81 0.71 
Frame 3 BFTB-BPY-CPY 1.01 0.093 0.89 0.84 0.79 0.70 
 SWAY-CPY 1.00 0.107 0.86 0.81 0.77 0.68 
Frame 4 BFTB-BPY-CPY 1.01 0.086 0.89 0.85 0.80 0.71 
 SWAY-CPY 1.07 0.106 0.93 0.87 0.83 0.73 
Frame 5 BFTB-BPY-CPY 1.03 0.088 0.91 0.86 0.81 0.72 
 SWAY-CPY 1.01 0.097 0.88 0.83 0.79 0.70 
Frame 6 BFTB-BPY-CPY 1.00 0.091 0.87 0.83 0.78 0.70 
 SWAY-CPY 1.04 0.105 0.90 0.85 0.80 0.71 
Frame 7 BFTB-BPY-CPY 0.99 0.089 0.87 0.82 0.78 0.69 
 SWAY-CPY 1.02 0.101 0.88 0.84 0.79 0.70 
Frame 8 BFTB-BPY-CPY 0.99 0.097 0.86 0.81 0.77 0.68 
 SWAY-CPY 1.05 0.109 0.90 0.85 0.80 0.71 
Average φsystem 0.89 0.84 0.79 0.70 
 
 
 
Table 7.10: System resistance factors (φsystem) for sway frame with rigid diaphragms subject to the 
gravity load combination with consideration of live load reduction 
Sway 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.00 β=3.50 
Frame 1 BFY-CFY 1.06  0.105 0.92  0.87  0.82  0.73  
  BFY-CPY 1.06  0.107 0.91  0.86  0.81  0.72  
  SWAY-CPY 1.05  0.105 0.90  0.85  0.81  0.72  
Frame 2 BFY-CFY 1.05  0.100 0.91  0.86  0.81  0.72  
  BFY-CPY 1.04  0.106 0.90  0.85  0.80  0.71  
  SWAY-CPY 1.07  0.111 0.92  0.87  0.82  0.72  
Frame 3 BFY-CFY 1.06  0.097 0.92  0.87  0.82  0.73  
  BFY-CPY 1.05  0.104 0.91  0.86  0.81  0.72  
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  SWAY-CPY 1.05  0.095 0.92  0.87  0.82  0.73  
Frame 4 BFY-CFY 1.07  0.105 0.92  0.87  0.82  0.73  
  BFY-CPY 1.06  0.096 0.93  0.88  0.83  0.74  
  SWAY-CPY 1.04  0.091 0.91  0.86  0.82  0.73  
Frame 5 BFY-CFY 1.03  0.099 0.90  0.85  0.80  0.71  
  BFY-CPY 1.04  0.104 0.90  0.85  0.80  0.71  
  SWAY-CPY 1.06  0.092 0.91  0.86  0.82  0.73  
Frame 6 BFY-CFY 1.05  0.102 0.91  0.86  0.81  0.72  
  BFY-CPY 1.06  0.102 0.92  0.86  0.82  0.73  
  SWAY-CPY 1.04  0.098 0.91  0.86  0.81  0.72  
Frame 7 BFY-CFY 1.05  0.101 0.91  0.86  0.81  0.72  
  BFY-CPY 1.04  0.097 0.91  0.86  0.81  0.72  
  SWAY-CPY 1.01  0.097 0.88  0.83  0.79  0.70  
Frame 8 BFY-CFY 1.01  0.099 0.88  0.83  0.79  0.70  
  BFY-CPY 1.07  0.105 0.92  0.87  0.82  0.73  
  SWAY-CPY 1.05  0.097 0.92  0.87  0.82  0.73  
  Average φsystem 0.91 0.86 0.81 0.72 
 
As can be seen in Table 7.9 and Table 7.10, the mean-to-nominal ratio (Rm/Rn) and 
coefficient of variance (COV) are almost identical to the results summarised in Table 7.1 and 
Table 7.2 which do not consider live load reduction. Since the β-φsystem curves used to derive 
the reliability indices of the frames and associated system resistance factors are solely based 
on Rm/Rn and COV, it can be concluded that for the frame studied the system resistance 
factors used for designing I-section steel frames with and without live load reduction are 
identical.  
 
The distributions of the applied load factor and β-φsystem curve for Sway Frame 5 (failure 
mode SWAY-CPY) including live load reduction are illustrated in Figure 7.15(a) and Figure 
7.15(b), respectively.  
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(b) β-φsystem curve 
 
 
Figure 7.15: Reliability analysis of Sway Frame 5 considering live load reduction 
 
Chapter 7- System Reliability-Based Design Criteria for 3D I-section Steel Frames 
 
217 
 
7.8 Effect of member slenderness on system resistance factors 
As previously discussed in Section 3.9.3, for members without lateral restraints, the 
longitudinal stress distribution in the cross-section varies significantly due to the member 
slenderness ratio. Therefore, the effect of member slenderness on the system resistance 
factors is investigated in this section. Four sway frames without rigid diaphragms (Sway 
Frame 1, Sway Frame 2, Sway Frame 5 and Sway Frame 6) were chosen and the beam length 
of these frames was adjusted to 4m, 6m, 8m and 10m respectively. The FORM was then 
performed to derive the β-φsystem curves for these frames. The simulation results are 
summarised in Table 7.11. 
 
Table 7.11: System resistance factors (φsystem) for sway frames with different slenderness ratios 
Sway Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 (4m) BFTB-BPY-CPY 1.00  0.081  0.88  0.84  0.79  0.70  
Frame 1 (6m) BFTB-BPY-CPY 0.99  0.091  0.87  0.82  0.78  0.69  
Frame 1 (8m) BFTB-BPY-CPY 1.01  0.083 0.89  0.85  0.80  0.71  
 Frame 1 (10m) BFTB-BPY-CPY 1.03  0.082  0.92  0.87  0.82  0.73  
Frame 2 (4m) BFTB-BPY-CPY 1.03  0.071  0.92  0.87  0.82  0.73  
Frame 2 (6m) BFTB-BPY-CPY 0.99  0.078  0.88  0.84  0.79  0.70  
Frame 2 (8m) BFTB-BPY-CPY 1.00  0.074 0.90  0.85  0.80  0.72  
 Frame 2 (10m) BFTB-BPY-CPY 1.01  0.073  0.91  0.86  0.81  0.73  
Frame 5 (4m) BFTB-BPY-CPY 0.99  0.090  0.87  0.83  0.78  0.70  
Frame 5 (6m) BFTB-BPY-CPY 1.00  0.096  0.87  0.82  0.78  0.69  
Frame 5 (8m) BFTB-BPY-CPY 1.00  0.074 0.89  0.84  0.79  0.71  
 Frame 5 (10m) BFTB-BPY-CPY 1.02  0.073  0.92  0.87  0.82  0.73  
Frame 6 (4m) BFTB-BPY-CPY 1.02  0.085  0.90  0.85  0.81  0.72  
Frame 6 (6m) BFTB-BPY-CPY 0.98  0.076 0.88  0.83  0.79  0.70  
Frame 6 (8m) BFTB-BPY-CPY 0.97  0.082  0.86  0.81  0.77  0.69  
Frame 6 (10m) BFTB-BPY-CPY 0.99  0.075  0.89  0.84  0.80  0.71  
 Average φsystem 0.89 0.84 0.80 0.71 
 
As can be seen from Table 7.11, without rigid diaphragms, flexural-torsional buckling 
(elastic/inelastic) is the governing failure mode for these sway frames. Furthermore, the 
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system resistance factors are similar for frames with different beam length, and hence 
indicating that the system resistance factors do not depend on the member slenderness ratio. 
The histogram of the ultimate load factor and β-φsystem curve for Sway Frame 6 with 10m 
beam length are shown in Figure 7.16(a) and Figure 7.16(b), respectively. It should be 
mentioned that some of these frames might not be practical but have been analyzed in this 
section to show that the derived resistance factors are independent of the member slenderness. 
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(b) β-φsystem curve 
 
Figure 7.16: Sway Frame 6 with 10m span subjected to the gravity load combination, failure mode: 
BFTB-BPY-CPY 
 
7.9 Serviceability reliability of I-section sway frames 
Consideration of serviceability limit state is required in the conventional structural design of 
buildings and this limit state is becoming more important when a structure is designed based 
on advanced analysis because this type of analysis likely leads to a better integrated and 
lighter structures. In general, there are two serviceability limit states [102]: (1) excessive 
storey drift under service wind loads, (2) beam deflection under service gravity loads. This 
study only considers the wind drift limit criteria in the reliability assessment.  
 
In the present study, the probability of failure (Pf) corresponding to serviceability limit state 
is determined by direct Monte Carlo simulation. Typically 10000 simulations are required for 
the serviceability limit states [139]. In direct Monte Carlo simulations, for each nominal drift 
of the frame ( /a H ), simulations are run first and the probability of failure is obtained as 
follows: 
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f
n
P
N
   
(7.1) 
 
 
where n represents the total number where frame roof drift exceeds the drift limit and N is the 
total number of simulations. The allowable roof drift was set to be H/300, where H is the total 
height of the building. The drift limit is at the upper limit for most design offices in United 
States and Australia [102]. The limit state function can be defined as: 
 
300
a
H
g    
(7.2) 
 
where a  is the actual roof drift displacement. 
 
Consequently, the probability of failure (Pf ) is then converted to the reliability index (β) and 
the reliability index is related to the probability of failure by: 
 1 (1 )
f
P

     (7.3) 
 
where  -1() is the percent point function of the standard normal probability integral. The 
probability of failure versus number of simulation and reliability indices versus the number of 
simulations were then plotted to observe the convergence rate (see Figure 7.17 and Figure 
7.18). If the reliability index does not converge within 10000 simulations, further simulations 
are performed until convergence is achieved.   
 
A reduced reference period for wind is customarily used to define the serviceability wind 
load. The present study assumes that the service wind load is the maximum wind load for a 
10 year period of reference (W10yr) [96, 140] and the statistical data can be found in Table 
7.12: 
 
Table 7.12: Statistical data for 10 year service wind loads  
 Mean/nominal COV Distribution 
W10yr 0.65 0.5 Extreme Type 1 
 
Studies have shown that a conversion factor of 0.7 can be used to convert the 50 year return 
period of wind load for the ultimate strength design to a 10 year return period wind load for 
serviceability checks [139-141]. Therefore, the applied wind load of 0.7Wn is used. By 
assuming a wind-to-gravity load ratio of 0.15, Table 7.13 shows the frame roof drift ratios 
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due to 0.7Wn assuming the structural properties are at their nominal values. The section sizes 
which are used to obtain different roof drift ratios for different frames can be found in 
Appendix E.7. 
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Figure 7.17:  Estimate of probability of failure by direct Monte Carlo simulation, Sway Frame 2 
corresponding to roof drift ratio of H/310 under Wind Load Case 7 
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Figure 7.18: Estimate of reliability index by direct Monte Carlo simulation, Sway Frame 2 
corresponding to roof drift ratio of H/310 under Wind Load Case 7 
 
Table 7.13: Nominal roof drift and β(10 Year) for selected I-section sway frames 
Sway Frame Roof drift ratio Pf ( 10 Year) β(10 Year) 
Frame 1 ( Wind Load Case 1) H/301 0.346  0.397 
  H/354 0.226  0.753 
  H/423 0.133  1.113 
Frame 1 (Wind Load Case 7) H/301 0.346  0.397 
  H/344 0.248  0.680 
  H/410 0.142  1.070 
Frame 2 (Wind Load Case 2) H/333 0.283  0.575 
  H/376 0.195  0.859 
  H/415 0.147  1.052 
Frame 2 (Wind Load Case 7) H/310 0.329  0.443 
  H/363 0.220  0.773 
  H/387 0.172  0.947 
Frame 3 (Wind Load Case 2) H/310 0.333  0.431 
  H/363 0.220  0.773 
  H/421 0.136  1.097 
Chapter 7- System Reliability-Based Design Criteria for 3D I-section Steel Frames 
 
223 
 
 
As can be seen in Table 7.13, the 10 year wind-based drift reliability indices (β(10 Year)) are 
somewhere between 0.397 and 1.113. To compare these results with the annual basis 
probability of failure (Pf) as outlined in the appendix of ASCE 07-05 [125], the β(10 Year) are 
converted to annual basis reliability indices (β(1 Year))  using Equation 7.4 [139]: 
 
 10
(1 ) (10 )1 1f year f yearP P     
(7.4) 
 
where (1 )f yearP  is the annual basis probability of failure and (10 )f yearP  is the probability of failure 
under the 10 year wind load statistic. The β(1 Year) is summarised in Table 7.14 and as can be 
seen that β(1 Year) is increased to somewhere between 1.733 and 2.193. 
 
Table 7.14: Nominal roof drift ratios and β(1 Year) for selected sway frames 
Sway Frame Roof drift ratio Pf(1 Year) β(1 Year) 
Frame 1 (Wind Load Case 1) H/301 0.042  1.733 
  H/354 0.025  1.955 
  H/423 0.014  2.193 
Frame 1 (Wind Load Case 7) H/301 0.042  1.733 
  H/344 0.028  1.909 
  H/410 0.015  2.164 
Frame 2 (Wind Load Case 2) H/333 0.033  1.843 
  H/376 0.021  2.024 
  H/415 0.016  2.152 
Frame 2 (Wind Load Case 7) H/310 0.039  1.761 
  H/363 0.025  1.968 
  H/387 0.019  2.082 
Frame 3 (Wind Load Case 2) H/333 0.040  1.754 
  H/376 0.025  1.968 
  H/415 0.015  2.182 
 
Table 7.14 shows that the annual probability of failure ( (1 )f yearP ) are around 0.05 for all four 
sway frames when roof drift ratio is close to H/300. It should be mentioned that the 
serviceability load combinations that appear in the serviceability appendix of ASCE 7-05 
[125] are based on serviceability limit state probabilities of 0.05-0.10. Thus these β(1 Year) are 
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roughly comparable to those in the commentary to the serviceability provisions in ASCE 7-
05 [125]. 
7.10 Target reliability and selection of system resistance factor 
The average values of the system resistance factors (φsystem) for I-section frames under 
different load combinations are summarised in Tables 7.15-16. 
 
Table 7.15: Average system resistance factors proposed for I-section under the gravity load 
combination 
Gravity load combination 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
I-section frame 0.91 0.86 0.81 0.73 
 
Table 7.16: Average system resistance factors proposed for I-section under the gravity plus wind load 
combination 
Gravity plus wind load combination 
Average φsystem 
β=2.25 β=2.50 β=2.75 β=3.0 
 0.86 0.78 0.71 0.65 
 
To achieve a uniform performance for different design situations, an acceptable safety level 
must be established. Probabilistic limit state design is based on the notion of a “target 
reliability” as a quantitative measure of structural safety. Selecting acceptable reliability 
targets is a difficult task since these targets are not readily available and require engineering 
judgments or the assessment of the reliability of frames designed to existing specifications. 
 
In member-based LRFD Specifications premised on elastic analysis, the target reliability 
index for different steel members ranges between 2.5 and 3.0 [96]. Since advanced analysis 
can model more accurately the behavior of steel frames and thus offer a greater reliability, 
based on engineering judgment, two target reliability indices, 2.5 and 3.0, are recommended 
for frames subject to the gravity load combination. It follows from the results shown in 
Tables 7.15 that for the reliability indices of 2.5 and 3.0, the corresponding system resistance 
factors (φsystem) can be chosen as 0.90 and 0.80, respectively. These system resistance factors 
apply generally to sway and braced, regular and irregular 3D I-section steel frames under 
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gravity loads. To be consistent with existing LRFD specifications, the system resistance 
factors should be independent of the applied load combination. Therefore, it is proposed that 
the same system resistance factors (φsystem) of 0.80 and 0.90 be applied to 3D I-section frames 
subjected to combined gravity and wind loads. According to Tables 7.16, these resistance 
factors suggest target reliability indices of 2.25 and 2.5. It should be noted that the proposed 
system resistance factors are proposed in the premise of including both residual stress and 
initial geometric imperfection into the nominal model.  
 
7.11 Effects of initial geometric imperfection and residual stress 
on system resistance factor 
To enable structural engineers to design steel structure based on advanced analysis, the 
nominal models for advanced analysis should be kept as simple as possible. Thus in this 
study, four different nominal models were considered for I-section sway, rigid joint braced, 
and hinged joint braced frames under the gravity load combinations. Detailed descriptions of 
the four conditions are described in Table 7.17. The aim of this study is to investigate the 
feasibility of accounting the effect of residual stress and initial geometric imperfections in the 
nominal model by further reducing the value of the proposed system resistance factors and 
thus simplified the design process of system-based design method by advanced analysis. 
 
Table 7.17: Description of four conditions considered in nominal mode 
Nominal model Description 
Condition 1 Considers the residual stress and initial geometric imperfections 
Condition 2 Ignores the residual stress while considers initial geometric imperfection 
Condition 3 Ignores initial geometric imperfections while considers the residual stress 
Condition 4 Ignores the residual stress and initial geometric imperfections 
 
 
 
 
7.11.1 Summary of the system resistance factor under four conditions 
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The average system resistance factors (φsystem) corresponding to four different conditions for 
I-section frames subjected to the gravity load combination are summarised in Tables 7.18-
7.20. The comparison of the mean-to-nominal ratio (Rm/Rn) and the associate system 
resistance factors for the nominal model considering the four conditions can be found in 
Appendix E.8.  
 
Table 7.18: Summary of average system resistance factors (φsystem) for I-section sway frames 
considering nominal model with four conditions 
Sway Frame 
Average φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
I-section  
Condition 1 0.89 0.84 0.79 0.70 
Condition 2 0.87 0.82 0.78 0.69 
Condition 3 0.83 0.78 0.74 0.66 
Condition 4 0.78 0.73 0.69 0.62 
 
Table 7.19: Summary of average system resistance factors (φsystem) for hinge joint I-section braced 
frames considering nominal model with four conditions 
Hinge joint braced frame 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
I-section  
Condition 1 0.90 0.85 0.80 0.71 
Condition 2 0.86 0.82 0.77 0.69 
Condition 3 0.87 0.83 0.78 0.69 
Condition 4 0.84 0.79 0.75 0.67 
 
Table 7.20: Summary of average system resistance factors (φsystem) for rigid joint I-section braced 
frames considering nominal model with four conditions 
Rigid joint braced frame 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
I-section 
Condition 1 0.90 0.85 0.81 0.71 
Condition 2 0.88 0.83 0.78 0.70 
Condition 3 0.91 0.86 0.81 0.72 
Condition 4 0.87 0.82 0.77 0.69 
The average system resistance factors based on the results presented in Tables 7.17-7.19 are 
summarised in Table 7.21. 
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Table 7.21: Summary of average system resistance factors (φsystem) for I-section frames considering 
nominal model with four conditions 
I-section frames 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
Condition 1 0.90 0.86 0.81 0.72 
Condition 2 0.87 0.82 0.78 0.69 
Condition 3 0.87 0.82 0.78 0.69 
Condition 4 0.83 0.78 0.74 0.66 
 
As can be seen in Table 7.20, by considering Condition 1, the system resistance factors are 
0.81 and 0.90 considering target reliability indices of 3.0 and 2.5, respectively. The system 
resistance factors drop to 0.74 and 0.83 for target reliability indices of 3.0 and 2.5 when 
Condition 4 is considered. It should be noted that the relative lower system resistance factors 
for Condition 4 are used in a way to implicitly account for the effect of initial geometric 
imperfections and residual stress in the nominal model.   
 
7.12 Conclusion 
In this chapter, a series of 3D I-section frames were analysed using advanced analysis and 
Monte Carlo simulations were subsequently carried out to obtain the statistics of the frame 
ultimate strength. The effects of uncertainties in geometric and material properties is 
considered by modeling yield stress, elastic modulus, cross-sectional properties, member/ 
frame initial geometric imperfections and residual stress as random variables. The model 
uncertainty of advanced analysis was also considered in the reliability assessments. Different 
failure modes are considered when obtaining the statistical characteristics of system 
strengths. The resistance factor (φsystem) is plotted versus the reliability index (β) for all 
frames. The simulation results show that although different frames with various geometries 
and boundary conditions are analyzed, the COVs and mean-to-nominal ratios of the frame 
ultimate strength are quite similar which lead to similar values of system resistance factors. 
Moreover, it was found that the system resistance factors are not dependent on the presences 
of live load reduction, member slenderness and rigid diaphragms. For target reliability indices 
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of 2.5 and 3.0, the associated system resistance factors are 0.90 and 0.80, respectively, for the 
gravity combinations.  
 
In addition, the roof drift serviceability reliabilities were assessed for 3D I-section sway 
frames subjected to service wind loads with 10-year period of reference. The 10-year wind 
drift β(10 Year) for different roof drift ratios of sway frames were found to be between 0.397 and 
1.113 and increased to be between 1.733 and 2.193 when β(10 Year) were converted to β(1 Year). 
These annual drift reliabilities are roughly comparable to those shown in the commentary to 
the serviceability provisions in ASCE7-05 [125].  
 
Furthermore, nominal models which consider four conditions were investigated for I-section 
sway and braced frames under the gravity load combinations, consisting (1) including 
residual stress and initial geometric imperfections, (2) ignoring residual stress while 
considering initial geometric imperfections, (3) ignoring initial geometric imperfections while 
considering residual stress, (4) ignoring residual stress and initial geometric imperfections in 
the nominal models. The system resistance factors to be applied to the four different nominal 
models at different levels of reliability are summarised. It was found that the derived system 
resistance factors for the nominal model considering Condition 1 are 0.81 for a target 
reliability index of 3, and increased to 0.90 for a target reliability index of 2.5. However the 
proposed factors drop to 0.74 and 0.83 for target reliability indices of 3 and 2.5, respectively, 
if Condition 4 is considered in the nominal model. The relative lower system resistance 
factors for Condition 4 are used in a way to indirectly account for the effects of initial 
geometric imperfections and residual stress in the nominal model. 
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Chapter 8-System Reliability-Based Design Criteria for 
3D Cold-Formed HSS Frames 
 
8.1 Introduction 
Hollow Steel Sections (HSS) are commonly used in steel frames where members experience 
loading in multiple directions. For example, Square Hollow Section (SHS) are very efficient 
shapes for resisting combined action such as bi-axial bending of component members 
because they have uniform geometry along two cross-sectional axes (Ix=Iy), which make 
them ideal for columns of steel frames. Moreover, beams can be designed using HSS rather 
than I-sections, because of their superior resistance to flexural-torsional buckling and torsion.  
 
In this chapter, the structural reliability of a series of 3D cold-formed HSS moment-resisting 
and braced frames with regular and irregular geometry subject to different load conditions is 
studied. The relationships between system resistance factor and reliability index are 
determined. Recommendations are made for the appropriate system resistance factors and 
target reliabilities for use in designing 3D cold-formed HSS frames at system level by 
advanced analysis. Additionally, the effects of live load reduction, longitudinal bending 
residual stress and initial geometric imperfections on the ultimate strength of the frame and 
the associate system resistance factor have been examined and the serviceability reliability 
considering roof drift for 3D cold-formed HSS frames were also assessed. 
 
8.2 Cold-formed HSS frame models  
A set of 16 3D HSS sway and braced frames consisting of regular and irregular 
configurations were selected in this study covering different failure modes. The geometry and 
support conditions for unbraced (sway) and braced frames are shown in Figure 8.1 and Figure 
8.2, respectively. Various load combinations were applied to the frames which are 
summarised in Section 6.4.1. Three-dimensional nonlinear inelastic finite-element models 
using ABAQUS were developed as the nominal model and the modelling techniques were 
discussed in Chapter 3. To model material nonlinearity, a 3D plastic-zone beam-element 
Chapter 8- System Reliability-Based Design Criteria for 3D HSS Frames 
 
230 
 
(B31) was used to capture the spread of plasticity through the cross-section and along the 
length of the member, whereas geometric nonlinearity (second-order effect) was traced by 
continuously updating the load increment. The material property was defined with values of 
elastic modulus (E) of 200 GPa and yield stress (Fy) of 450 MPa, together with a stress-strain 
curve proposed for modelling the longitudinal bending residual stress in HSS (see Section 
5.3). Initial geometric imperfections for sway frames were modelled by the Notional 
Horizontal Load method (NHL), whereas a single buckling mode was used to model the 
initial geometric imperfections for HSS braced frames. Details of these two methods and the 
appropriate scale factors can be found in Chapter 4. 
 
      
    
Sway Frame 1 Sway Frame 2 
L =8 m 
L =8 m 
H
=
 4
m
 
L =8 m 
L =8 m 
H
=
3
x
 4
m
=
1
2
m
 
Chapter 8- System Reliability-Based Design Criteria for 3D HSS Frames 
 
231 
 
  
Sway Frame 3 Sway Frame 4 
 
 
Sway Frame 5 Sway Frame 6 
H
=
2
x
 4
m
=
 8
m
 
H
=
3
 x
 4
m
=
1
2
m
 
L =6 m 
L =8 m 
L =6 m 
L =6 m 
L =6 m L =6 m 
H
=
6
 x
 4
m
=
2
4
m
 
H
=
4
 x
 4
m
=
1
6
m
 
L =8 m 
L =8 m 
L =8 m 
L =8 m L =8 m 
L =8 m 
Chapter 8- System Reliability-Based Design Criteria for 3D HSS Frames 
 
232 
 
 
 
Sway Frame 7 Sway Frame 8 
 
Figure 8.1: Layouts for 3D HSS frame systems 
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Figure 8.2: Layouts for 3D HSS braced frame systems 
 
8.3 Simulation results for HSS sway frames under gravity load 
combination 
The system resistance factors for the eight sway frames are summarised in Table 8.1. The 
statistical distribution of the normalised ultimate strength of the frames (including the bias 
(Rm/Rn) and coefficient of variance (COV)) were obtained by performing Monte Carlo 
simulations. These distributions were found to be log-normal for all frames based on the 
goodness-of-fit test [138]. The results for all HSS frames summarised in Table 8.1 indicate a 
consistency in the system resistance factors for a given level of reliability irrespective of the 
frame failure mode (BFY-CFY, BFY-CPY, etc.) and configuration (regular and irregular). 
The COV of frame ultimate strength ranges from 0.090 to 0.123 with the mean-to-nominal 
value (Rm/Rn) varies from 0.99 to 1.08. Examples of statistical distributions of the frame 
ultimate strength under certain failure modes are shown in Figure 8.3(a). β-φsystem curves is 
plotted for Sway Frames 4 for five different Ln/Dn ratios as shown in Figures 8.3(b). Details 
of the simulation results and cross-section sizes can be found in Appendix F.1. 
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Table 8.1:  System resistance factors (φsystem) for HSS sway frames under the gravity load combination 
Sway Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.50 
Frame 1 BFY-CFY 1.06 0.119 0.90 0.85 0.80 0.71 
 BFY-CPY 1.06 0.110 0.88 0.83 0.79 0.70 
 BFY 1.08 0.123 0.91 0.86 0.81 0.72 
 SWAY-CPY 0.99 0.099 0.86 0.82 0.77 0.69 
Frame 2 BFY-CFY 1.04 0.114 0.87 0.82 0.77 0.68 
 BFY-CPY 1.03 0.121 0.85 0.80 0.75 0.67 
 BFY 1.05 0.106 0.88 0.83 0.78 0.70 
 SWAY-CPY 1.01 0.091 0.89 0.84 0.79 0.71 
Frame 3 BFY-CFY 1.05 0.111 0.90 0.85 0.80 0.71 
 BFY-CPY 1.06 0.106 0.89 0.84 0.79 0.71 
 BFY 1.05 0.111 0.88 0.83 0.78 0.70 
 SWAY-CPY 1.02 0.090 0.90 0.85 0.80 0.71 
Frame 4 BFY-CFY 1.04 0.109 0.89 0.84 0.79 0.70 
 BFY-CPY 1.02 0.106 0.88 0.83 0.78 0.69 
 BFY 1.06 0.119 0.90 0.86 0.81 0.72 
 SWAY-CPY 1.01 0.090 0.89 0.84 0.80 0.71 
Frame 5 BFY-CFY 1.03 0.098 0.88 0.83 0.78 0.70 
 BFY-CPY 1.04 0.097 0.91 0.86 0.81 0.72 
 BFY 1.04 0.111 0.88 0.83 0.79 0.70 
 SWAY-CPY 1.05 0.097 0.92 0.87 0.82 0.73 
Frame 6 BFY-CFY 1.04 0.109 0.86 0.81 0.77 0.68 
 BFY-CPY 1.04 0.102 0.90 0.85 0.80 0.71 
 BFY 1.05 0.115 0.88 0.83 0.78 0.70 
 SWAY-CPY 1.03 0.098 0.90 0.85 0.81 0.72 
Frame 7 BFY-CFY 1.05 0.110 0.90 0.85 0.80 0.71 
 BFY-CPY 1.08 0.117 0.90 0.85 0.80 0.71 
 BFY 1.05 0.118 0.89 0.84 0.80 0.71 
Frame 8 BFY 1.05 0.096 0.92 0.87 0.82 0.73 
 BPY-CPY 1.01 0.094 0.89 0.84 0.79 0.71 
 SWAY-CPY 0.99 0.094 0.87 0.82 0.77 0.69 
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Average φsystem 0.89 0.84 0.79 0.71 
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(a) Statistical distribution of ultimate strength factor for Sway Frame 4 
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 (b) β-φsystem curve for Sway Frame 4 
Figure 8.3: Sway Frame 4 subjected to gravity load combination, failure mode BFY-CFY 
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Table 8.1 shows that for a reliability index (β) of 3.0, the corresponding system resistance 
factor (φsystem) varies from 0.75 to 0.82, with an average value of 0.79. The average value of 
system resistance factor is increased to 0.89 for a target reliability index of 2.5. It should be 
noted that the system resistance factors summarised in Table 8.1 are consistent with the 
results shown in Table 7.2, indicating that for sway frames subject to the gravity load 
combination, the system resistance factors are independent of the section type (HSS or I-
section).  
8.4 Simulation results for HSS frames under gravity plus wind 
load combination 
In this section, the system resistance factors were obtained for eight 3D HSS sway frames 
(see Figure 8.1) subject to combined gravity and wind loads.  
 
8.4.1 Simulation results for HSS sway frames subjected to gravity plus uni-
directional wind loads  
 
The simulation results for HSS sway frames subjected to gravity plus uni-directional wind 
loads (Category 1 based on ASCE Standard 7-05 [125]) are summarised in Table 8.2.  The 
distribution of the ultimate lateral load factors was found to be log-normal. The distribution 
of ultimate load factors for Sway Frame 3 is shown in Figure 8.4. The β-φsystem curves for 
Sway Frames 5 and Sway Frame 7 considering four different levels of wind-to-gravity ratios 
(Wn/(Dn+Ln)) are shown in Figure 8.5 and Figure 8.6, respectively.  
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Figure 8.4: Distribution of the ultimate lateral load factor for Sway Frame 3 
 
Table 8.2: System resistance factors (φsystem) for sway frames subjected to the gravity plus wind 
combination (Wind Load Cases 1 or 2) 
Sway Frame Failure Mode 
 Average φsystem   
β=2.25 β=2.5 β=2.75 β=3 
Frame 1 (Wind Load Case 1) CFY 0.85 0.77 0.70 0.63 
Frame 2 (Wind Load Case 1) CFY 0.85 0.78 0.71 0.64 
Frame 3 (Wind Load Case 2) BFY-CFY 0.91 0.82 0.74 0.66 
Frame 4 (Wind Load Case 2) BFY-CFY 0.87 0.79 0.71 0.64 
Frame 5 (Wind Load Case 2) BFY-CFY 0.89 0.80 0.72 0.64 
Frame 6 (Wind Load Case 2) BFY-CFY 0.91 0.81 0.73 0.65 
Frame 7 (Wind Load Case 2) BFY-CFY 0.89 0.80 0.72 0.64 
Frame 8 (Wind Load Case 2) BFY-CFY 0.85 0.77 0.70 0.63 
  Average φsystem  0.88  0.79  0.72  0.64  
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As can be seen in Table 8.2, for a target reliability index of 3, the system resistance factor 
varies from 0.63 to 0.66, with an average value of 0.64, and it is increased to 0.79 for a target 
reliability index of 2.5. It should be noticed that the average system resistance factors 
summarised for the four values of target reliability indices are consistent with the average 
system resistance factors summarised for I-section frames (Table 7.3), indicating that the 
system resistance factors for the gravity plus wind load combination are independent of 
cross-section (I-section or HSS).  
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Figure 8.5:  β-φsystem curve for Sway Frame 5, failure mode: BFY-CFY 
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Figure 8.6: β-φsystem curve for Sway Frame 7, failure mode: BFY-CFY 
 
8.4.2 Simulation results for HSS sway steel frames subject to combined 
gravity plus bi-direction wind loads 
 
The simulation results for HSS sway frames subjected to combined gravity plus bi-directional 
wind loads (Wind Category 3) are summarised in Table 8.3. The distributions of the ultimate 
load factor were found to be all log-normal. The histogram of the ultimate load factors for 
Sway Frame 3 is shown in Figure 8.7. The β-φsystem curves for Sway Frames 3 and Sway 
Frame 6 are shown in Figure 8.8 and Figure 8.9, respectively. 
 
 
 
 
 
 
Chapter 8- System Reliability-Based Design Criteria for 3D HSS Frames 
 
241 
 
Table 8.3: System resistance factors (φsystem) for sway frame subjected to gravity plus wind 
combination (Wind Load Cases 1 or 2) 
Sway Frame Failure Mode 
Average φsystem    
β=2.25 β=2.5 β=2.75 β=3.0 
Frame 1 (Wind Load Case 7) CFY 0.90 0.81 0.72 0.65 
Frame 2 (Wind Load Case 7) BFY-CFY 0.89 0.8 0.73 0.66 
Frame 3 (Wind Load Case 8) BFY-CFY 0.94 0.85 0.76 0.68 
Frame 4 (Wind Load Case 7) BFY-CFY 0.88 0.79 0.72 0.64 
Frame 5 (Wind Load Case 7) BFY-CFY 0.89 0.8 0.72 0.65 
Frame 6 (Wind Load Case 7) BFY-CFY 0.92 0.83 0.74 0.64 
Frame 7 (Wind Load Case 7) BFY-CFY 0.92 0.81 0.72 0.63 
Frame 8 (Wind Load Case 8) BFY-CFY 0.86 0.78 0.71 0.65 
Average φsystem    0.91 0.81  0.73  0.65  
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Figure 8.7: Distribution of the ultimate lateral load factor for Sway Frame 6 
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Figure 8.8: β-φsystem curve for Sway Frame 3, failure mode: BFY-CFY 
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Figure 8.9:  β-φsystem curve for Sway Frame 6, failure mode: BFY-CFY 
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As can be seen from Table 8.2 and Table 8.3, for a target reliability index of 2.25, the average 
system resistance factors (φsystem) are 0.88 and 0.91 for Category 1 and Category 3, 
respectively, whereby the average system resistance factors for a target reliability of 2.5 are 
decreased to 0.79 and 0.81 for these two categories. Since the system resistance factors 
derived for both categories are close, it can be concluded that the derived system resistance 
factors (φsystem) for HSS sway frames subjected to the gravity plus wind load combination are 
independent of applied wind load cases.  
 
8.5 Simulation results for HSS hinge joint braced frames under 
gravity load combination 
The simulation results for HSS braced frames with hinged beam-to-column connections are 
summarised in this section. As mentioned in Chapter 7, bracing members are designed with 
equal angle sections and failure of these bracing members will not occur before the frame 
reaching its ultimate limit state.  
 
The system resistance factors for HSS hinge joint braced frames are summarized in Table 8.4. 
β-φsystem curves for Braced Frame 3 is shown in Figure 8.10(b). It should be noted that the 
system resistance factors summarised in Table 8.4 are consistent with the results summarized 
for sway frames presented in Table 8.1, indicating that for HSS hinge joint braced frames, the 
system resistance factors are independent of the frame type (sway or braced). 
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Table 8.4: System resistance factors (φsystem) for hinge joint HSS braced frame subject to the gravity 
load combination 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 CPY 0.97 0.080 0.86 0.82 0.77 0.69 
Frame 2 
 
BFY 0.97 0.077 0.85 0.81 0.76 0.68 
CPY 0.99 0.071 0.89 0.84 0.8 0.71 
Frame 3 BFY 1.06 0.118 0.9 0.85 0.8 0.71 
CPY 1.04 0.079 0.93 0.88 0.83 0.74 
Frame 4 
 
BFY 1.07 0.111 0.92 0.87 0.82 0.73 
CPY 1.00 0.084 0.87 0.83 0.78 0.7 
Frame 5 
 
BFY 1.07 0.124 0.9 0.85 0.8 0.71 
BPY-CPY 0.98 0.084 0.87 0.82 0.78 0.69 
Frame 6 
 
BFY 1.06 0.117 0.91 0.86 0.81 0.72 
CPY 0.97 0.085 0.86 0.81 0.77 0.69 
Frame 7 
 
BFY 1.08 0.122 0.91 0.86 0.81 0.72 
CPY 1.03 0.099 0.9 0.85 0.8 0.71 
Frame 8 
 
BFY 1.02 0.095 0.9 0.85 0.8 0.72 
BFY-CPY 1.00 0.091 0.88 0.83 0.79 0.7 
Average φsystem 0.89 0.84 0.79 0.71 
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(a) Statistical distribution of ultimate strength factor for hinge joint HSS Braced Frame 4 
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(b) β-φsystem curve for hinge joint HSS Braced Frame 4 
 
Figure 8.10: Hinged Braced Frame 4 subjected to the gravity load combination, failure mode BFY 
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8.6 Simulation results for HSS rigid joint braced frames subjected 
to gravity load combination 
The results of simulation for rigid joint HSS braced frames (Rm/Rn, COV, φsystem) are 
summarised in Table 8.5. As can be seen from the table, for a target reliability index of 3.0, 
the system resistance factor varies from 0.78 to 0.87, with an average system resistance factor 
of 0.81. The average system resistance factor is increased to 0.91 for a target reliability index 
of 2.5. The system resistance factors summarised in Table 8.5 are consistent with the results 
summarised for hinged joint HSS braced frames (see Table 8.4), indicating that for HSS 
braced frame, the system resistance factors (φsystem) are independent of different types of 
beam-to-column connections (rigid or hinged joint connections). 
 
Table 8.5: System resistance factors (φsystem) for rigid joint braced frame subject to the gravity load 
combination 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.50 
Frame 1 CPY 1.00 0.076 0.90 0.85 0.81 0.72 
Frame 2 
 
CFY-BFY 1.01 0.074 0.91 0.86 0.81 0.73 
CPY 1.00 0.076 0.90 0.85 0.81 0.72 
Frame 3 
 
 
BFY 1.04 0.115 0.89 0.84 0.79 0.7 
BFY-CFY 1.07 0.118 0.91 0.86 0.81 0.72 
BFY-CFY 1.04 0.077 0.93 0.88 0.83 0.74 
Frame 4 
 
BFY 1.01 0.104 0.88 0.83 0.78 0.7 
CPY 1.01 0.081 0.90 0.85 0.80 0.72 
Frame 5 
 
 
BFY-CFY 1.07 0.111 0.92 0.87 0.82 0.73 
CFY 1.03 0.091 0.91 0.86 0.81 0.72 
BFY-CFY 1.03 0.088 0.92 0.87 0.82 0.73 
Frame 6 
 
 
 
BFY 1.06 0.117 0.90 0.85 0.80 0.71 
BFY-CFY 1.05 0.120 0.89 0.84 0.80 0.71 
BFY-CPY 1.07 0.113 0.92 0.87 0.82 0.72 
CPY 1.01 0.076 0.91 0.86 0.82 0.73 
Frame 7 
 
BFY 1.05 0.115 0.97 0.92 0.87 0.78 
CPY 1.00 0.095 0.88 0.83 0.79 0.7 
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Frame 8 BFY-CFY 1.07 0.106 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.06 0.110 0.91 0.86 0.81 0.72 
Average φsystem     0.91  0.86  0.81  0.72  
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(a) Distribution of the ultimate load factor for HSS Braced Frame 7 
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(b) β-φsystem curve for rigid joint HSS Braced Frame 7 
Figure 8.11: Rigid joint Braced Frame 7, failure mode: BFY 
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8.7 Effect of live load reduction on system resistance factors for 
HSS frames 
The system resistance factors for eight HSS sway frames considering live load reduction are 
presented in Table 8.6.  
 
Table 8.6: System resistance factors (φsystem) for HSS sway frames considering of live load reduction  
Sway 
Frame  
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.00 β=3.50 
Frame 1 BFY-CFY 1.06 0.112  0.91 0.86 0.81 0.72 
Frame 2 BFY-CFY 1.05 0.110  0.9 0.85 0.8 0.71 
Frame 3 BFY-CFY 1.09 0.106  0.95 0.89 0.84 0.75 
Frame 4 BFY-CFY 1.04 0.099  0.91 0.86 0.81 0.72 
Frame 5 BFY-CFY 1.05 0.105  0.91 0.86 0.81 0.72 
Frame 6 BFY-CFY 1.06 0.106  0.91 0.86 0.81 0.72 
Frame 7 BFY-CFY 1.05 0.106  0.91 0.86 0.81 0.72 
Frame 8 BPY-CPY 1.02 0.096  0.9 0.85 0.8 0.71 
 Average φsystem   0.91  0.86  0.81  0.72  
 As can be seen in Table 8.6, the mean-to-nominal ratio (Rm/Rn) and coefficient of variance 
(COV) are almost identical to the results summarised in Table 8.1 which do not consider live 
load reduction. It can be therefore concluded that the system resistance factors used for 
designing HSS and I-section frames with and without live load reduction are quiet similar.  
 
The distribution of the ultimate load factor and β-φsystem curve for Sway Frame 8 including 
live load reduction is illustrated in Figure 8.12(a) and Figure 12(b), respectively 
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(a) Distribution of the ultimate load factor for Sway Frame 8 
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(b) β-φsystem curve for Sway Frame 8 
 
Figure 8.12: Sway Frame 8 considering of live load reduction, failure mode BFY-CFY 
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8.8 Serviceability reliability analysis considering roof drifts of 
HSS sway frames 
The serviceability reliability indices for HSS sway frames considering different roof drift 
ratios were investigated in this section. Statistics for the service wind load is summarised in 
Table 7.12. The procedure for calculating the probability of failure and associate 
serviceability reliability indices using direct Monte Carlo simulation was discussed in Section 
7.9. 10000 simulations were performed for each selected HSS frame at different roof drift 
ratios subjected to different wind load cases.  
 
The serviceability reliability indices for HSS frames based on service wind load with 10 year 
period of reference are summarised in Table 8.7. The section sizes for different roof drift 
ratios can be found in Appendix F.5. 
 
Table 8.7: Roof drift ratios and serviceability reliability indices for selected HSS sway frames (under 
10 year service wind loads) 
Sway Frame 
Roof drift 
ratios 
Pf ( 10 Year) β (10 Year) 
Frame 1 (Wind Load Case 1) H/313 0.362 0.352 
 
H/354 0.263 0.633 
  H/397 0.194 0.863 
Frame 1 (Wind Load Case 7) H/309 0.392 0.275 
  H/345 0.307 0.506 
  H/396 0.197 0.852 
Frame 2 (Wind Load Case 1) H/300 0.403 0.246 
  H/333 0.329 0.444 
  H/428 0.164 0.978 
Frame 2 (Wind Load Case 7) H/300 0.421 0.198 
  H/372 0.264 0.632 
  H/408 0.213 0.797 
Frame 3 (Wind Load Case 2) H/313 0.361 0.356 
  H/347 0.267 0.622 
  H/427 0.151 1.033 
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Frame 5 (Wind Load Case 2) H/316 0.372 0.327 
  H/375 0.260 0.642 
  H/435 0.156 1.010 
 
As can be seen in Table 8.7, for 10 year service wind loads, the wind drift reliability (β(10 Year)) 
varies from 0.198 to 1.033 and these β(10 Year) are increased to somewhere between 1.614 and 
2.139 when β(10 year) is converted to β(1 year)  as presented in Table 8.8. 
 
Table 8.8: Roof drift ratios and annual (1 year) serviceability reliability indices for selected HSS sway 
frames 
Sway Frame Roof drift ratios Pf  (1 Year) β (1 Year) 
Frame 1 (Wind Load Case 1) H/313 0.044 1.706 
 
H/354 0.030 1.879 
 
H/397 0.021 2.027 
Frame 1 (Wind Load Case 7) H/309 0.048 1.660 
 
H/345 0.036 1.800 
 
H/396 0.022 2.019 
Frame 2 (Wind Load Case 1) H/300 0.050 1.642 
 
H/333 0.039 1.762 
 
H/428 0.018 2.103 
Frame 2 (Wind Load Case 7) H/300 0.053 1.614 
 
H/372 0.030 1.879 
 
H/408 0.024 1.984 
Frame 3 (Wind Load Case 2) H/313 0.044 1.708 
 
H/347 0.031 1.872 
 
H/427 0.016 2.139 
Frame 5 (Wind Load Case 2) H/316 0.045 1.691 
  H/375 0.030 1.885 
  H/435 0.017 2.124 
 
As can be seen in Table 8.8, the annual probability of failure for HSS sway frames subjected 
to different wind load cases are close to 0.05 for a roof drift ratio of H/300 which are close 
Chapter 8- System Reliability-Based Design Criteria for 3D HSS Frames 
 
252 
 
and consistent to the serviceability reliability indices (β(1 year)) summarised for I-section sway 
frames (Tables 7.14). 
8.9 Summary of the system resistance factors 
The average value of the system resistance factors (φsystem) for I-section and HSS frames 
subjected to the gravity load and gravity plus wind load combinations are presented in Table 
8.9 and Table 8.10, respectively, for various target reliability levels. As can be seen from both 
tables that if a system resistance factor of 0.80 is used, the system reliability index is about 
3.0 for gravity load only, and reduced to about 2.5 for combined wind and gravity loading. 
 
Table 8.9: System resistance factors proposed for I-section and HSS frame under gravity load 
combination 
Gravity load combination 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
I-section frame 0.89 0.85 0.80 0.71 
HSS frame 0.90 0.85 0.80 0.71 
 
Table 8.10: System resistance factors proposed for I-section and HSS frame under gravity load plus 
wind combination 
Gravity load plus  
wind load combination 
Average φsystem 
β=2.25 β=2.50 β=2.75 β=3 
I-section frame  0.86 0.78 0.71 0.65 
HSS frame  0.90 0.80 0.73 0.65 
 
8.10 Effects of initial geometric imperfection and longitudinal 
bending residual stress on system resistance factor 
As discussed in Section 7.11, to allow structural engineers to design steel frames using 
system-based design method by advanced analysis, the nominal model should be kept as 
simple as possible. In this section, the effects of longitudinal bending residual stress and 
initial geometric imperfections on the system resistance factors for HSS frame are 
investigated. Four different nominal models were considered for HSS sway and braced 
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frames subjected to the gravity load combination and the descriptions of the four nominal 
models are summarised in Table 8.11.  
 
Table 8.11: Description of four conditions considered in nominal models 
Nominal model Description 
Condition 1 Considers the residual stress and initial geometric imperfections 
Condition 2 
Ignores the longitudinal bending residual stress while considers initial 
geometric imperfections 
Condition 3 
Ignores initial geometric imperfections while considers the longitudinal 
bending residual stress 
Condition 4 
Ignores the longitudinal bending residual stress and initial geometric 
imperfections 
 
8.10.1 Summary of the system resistance factor under four conditions 
 
The average system resistance factors (φsystem) for the four different conditions are presented 
in Tables 8.12-8.14 for HSS sway and braced frames (Figures 8.1- 8.2). The detailed 
comparison of the mean-to-nominal ratios (Rm/Rn) and the system resistance factors are 
summarised in Appendix F.6.  
 
Table 8.12: Summary of average system resistance factors (φsystem) for HSS sway frames considering 
nominal model with four conditions 
Sway frame 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
Condition 1 0.89 0.84 0.79 0.71 
Condition 2 0.86 0.81 0.77 0.68 
Condition 3 0.86 0.82 0.77 0.69 
Condition 4 0.81 0.77 0.73 0.65 
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Table 8.13: Summary of average system resistance factors (φsystem) for hinge joint HSS braced frames 
considering nominal model with four conditions 
Hinge connected braced frame 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
Condition 1 0.89 0.84 0.79 0.71 
Condition 2 0.83 0.78 0.74 0.66 
Condition 3 0.89 0.84 0.79 0.71 
Condition 4 0.81 0.77 0.73 0.65 
 
Table 8.14: Summary of average system resistance factors (φsystem) for rigid joint HSS braced frames 
considering nominal model with four conditions 
Rigid connected braced frame 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
Condition 1 0.91 0.86 0.81 0.72 
Condition 2 0.88 0.84 0.79 0.70 
Condition 3 0.91 0.86 0.82 0.74 
Condition 4 0.88 0.83 0.79 0.70 
 
The average value of system resistance factors for HSS frames subjected to the four 
conditions are summarised in Tables 8.15 for different target reliability levels. 
 
Table 8.15: Summary of average system resistance factors (φsystem) for I-section sway and braced 
frames considering the four conditions 
Average 
Average φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
Condition 1 0.90 0.85 0.80 0.71 
Condition 2 0.86 0.81 0.77 0.68 
Condition 3 0.89 0.84 0.79 0.71 
Condition 4 0.83 0.79 0.75 0.67 
 
As can be seen in Table 8.15, by considering Condition 1, the average system resistance 
factors are 0.81 and 0.90 for target reliabilities of 3.0 and 2.5, respectively. This system 
resistance is consistent with the system resistance factors summarised for I-section frames 
considering Condition 1 (Table 7.20). The system resistance factors drop to 0.75 and 0.83 for 
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target reliabilities of 3.0 and 2.5, respectively when Condition 4 is considered. It should be 
noted that the relative lower system resistance factors for Condition 4 are used in a way to 
implicitly account for the effects of initial geometric imperfections and longitudinal bending 
residual stress in the nominal model.  
8.11 Conclusion 
In this chapter, a rigorous statistical assessment was performed for a wide range of 3D low-
to-mid-rise cold-formed HSS frames. A set of 16 3D HSS braced and unbraced frames 
consisting of regular and irregular configurations were selected in this study. Various load 
combinations and different failure modes were considered for each frame. The simulation 
results show that although different frames with various geometries and boundary conditions 
are analysed, the COVs and mean-to-nominal ratios of ultimate strength are quite similar, 
leading to similar values of system resistance factors. 
 
Moreover, based on the simulation results summarised in Chapter 7 and Chapter 8, it can be 
concluded that although different cross-section (I-section and HSS) were chosen for carrying 
out the reliability study, the statistical data (mean to nominal (Rm/Rn), COV) of frame 
ultimate strengths were quite similar, indicating that the system resistance factors (φsystem) are 
not dependent on the cross-section (I-section and HSS). For target reliability indices of 3.0 
and 2.5, the associated system resistance factors are 0.80 and 0.90 for both HSS and I-section 
frames. 
 
Furthermore, the serviceability reliability due to the roof drift under service wind load was 
studied for HSS frames. It was found that the drift reliability varies from 0.2 to 1.03 for HSS 
sway frames subjected to a 10 year service wind load and increased to 1.61 and 2.14 when 
the 10 year drift reliability were converted to 1 year drift reliability. The annual drift 
reliability indices are approximately comparable to those summarised for I-section sway 
frames.  
 
Additionally, the nominal models considering four different conditions were studied for HSS 
sway, braced frames subjected to the gravity load combination. The study reveals that the 
proposed system resistance factors for the nominal models considering the initial geometric 
imperfections and longitudinal bending residual stress (Condition 1) are 0.8 and 0.9 for target 
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reliabilities of 3.0 and 2.5, respectively, and dropped to 0.75 and 0.83, respectively for 
Condition 4. The suggested lower value of system resistance factors are used to indirectly 
account for the effects of longitudinal bending residual stress and initial geometric 
imperfections.   
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Chapter 9-Design Examples 
 
9.1 Introduction  
The system-based design method by advanced analysis which obviates the need for checking 
individual member to a Specification is an important advancement because the behaviour of 
the structural system can be accessed directly such that the structural engineers can place 
steel where it is most effective so as to minimize steel consumption and/or more efficient 
design for realistic limit state. There is thus a rapidly growing need in the profession for 
guidance for the system-based design method by advanced analysis. This chapter outlines the 
concept and step-by-step application of the system-based design method for both 3D HSS 
and I-section steel frames. The design procedure is illustrated in Figure 9.1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1: Step-by-step design process  
A total of six design examples consisted of 3D HSS and I-section frames are presented here 
to illustrate the use of advanced analysis for practical design. These case studies cover regular 
Design load combination 
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(Second-order elastic 
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Structural modelling 
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Design to a 
structural standard 
Modelling residual 
stress and initial 
geometric 
imperfections 
Design  
optimization 
Final Design 
Chapter 9-Design Examples 
 
258 
 
and irregular sway frames subjected to the gravity and gravity plus wind load combinations, 
as well as braced frames subjected to gravity load combination. In each example, the sizes of 
the members are determined by advanced analysis and then compared with those determined 
by conventional member-based LRFD design. The beam-column joints are modelled as rigid 
for both sway and braced frames. The influence of connection stiffness on the frame ultimate 
strength and its failure mode is not investigated in this study. It should be mentioned that only 
strength limit state is considered in these design examples.  
One of the most common types of floor system is a reinforced concrete slabs supported by a 
steel frame, as shown in Figure 9.2. This type of construction was used in this study to 
determine the total dead load. 
 
Figure 9.2: Floor types [131] 
 
The floor concrete slab is assumed to be 200 mm thick, and has a density of 2500 kg/m
3
 
which implies a dead load pressure of 5 kPa (2500 kg/m
3
 x 200 mm x 10 m/s
2
). It should be 
mentioned that the floor slabs are assumed as reinforece concrete slabe with water proof 
cover and are not supported by steel deck. Thus the nominal thickness can be varied from 150 
to 250 mm [142].  In addition, it should be mentioned that using a thicker concrete would 
make no difference other than slightly changing the dead-to-live load ratio. The live load is 
assumed to be 3 kPa, which is commonly used for live load pressure for offices according to 
AS1170.1 [143]. A summary of all the frames, including frame types and design load 
combinations are presented in Table 9.1.  
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For a slab supported by beams on its four edges, if the aspect ratio of the slab panel (long 
edge/short edge) is less than 2, uniformly distributed floor loads onto the slab are allocated to 
the supporting beams as shown in Figure 9.3. Based on the 45 degree parallel method  [143], 
the tributary areas for the beams can be defined by an area bounded by lines at 45
o
 and by 
lines parallel to the beam.  
 
 
Figure 9.3: Beam tributary area based on 45 degree parallel method 
 
Examples of triangular and trapezoidal distributed loads based on the 45 degree parallel 
method. Line load applied to beams are shown in Figure 9.4 (a) and Figure 9.4(b) where ω is 
the magnitude of the triangular/trapezoidal distributed load. These are load applied to beams. 
 
 
 
 
 
 
 
 
 
(a) Triangular distributed load (b) Trapezoidal distributed load 
Figure 9.4: Different types of distributed loads applied onto beams based on the 45 degree parallel 
method 
 
Table 9.1: Summary of frames studied 
Frame  type Design load combinations Load combination Section type 
Sway Frame 6 1.2 Dn+1.6Ln Gravity HSS 
 Braced Frame 3 1.2 Dn+1.6Ln Gravity HSS 
Sway Frame 2 1.2 Dn+0.5Ln+1.6 Wn Gravity plus wind HSS 
Lx 
L
z 
Lz 
 
 
 
 
 
Lx 
ωLx/2 ωLz/2 
45
o 
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Sway Frame 5 1.2 Dn+0.5Ln+1.6 Wn Gravity plus wind HSS 
Sway Frame 4 1.2 Dn+1.6Ln Gravity I-section 
Sway Frame 5 1.2 Dn+0.5Ln+1.6 Wn Gravity plus wind I-section 
 
In each design example, the frames were first analysed under applied loads to determine the 
internal actions using the second-order elastic analysis available in the commercial software 
SAP2000. Following this analysis, the frames are designed according to the provisions of 
AISC 360-10.  
 
The frames designed using the AISC 360-10 Specification were then modelled in ABAQUS 
which is capable of performing advanced analysis. The ultimate strengths of the frames 
(λultimate) were determined and their failure modes could be directly obtained by the analysis. 
Since all members were designed based on a structural design standard, the ultimate strength 
of the system will most likely satisfy the design capacity check, even though the design may 
be conservative. The frames were then re-designed based on advanced analysis (without 
designing or checking the individual member) to satisfy the three proposed system resistance 
factors (φsystem) as summarised in Table 9.2. If the system capacity check is not satisfied 
(φsystemλultimate < 1), the failed members are adjusted and the advanced analysis is repeated 
until the system capacity meets the required strength (φsystem λultimate >1). 
Table 9.2: Proposed system resistance factors 
System resistance factor 
(φsystem) 
Ultimate load factor (λultimate) 
required 
0.8 1.25 
0.85 1.18 
0.9 1.11 
 
The total weight of steel frame was calculated and then compared with that obtained from the 
member-based design method. It should be noted that in both methods, the smallest possible 
member cross-sections were chosen to achieve an optimum design.  
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9.2 Example 1: HSS Sway Frame 6 subjected to gravity loads  
The first example is a five-storey HSS space sway frame (Sway Frame 6) subjected to the 
gravity load combination. The frame configuration and loading patterns are illustrated in 
Figure 9.5(a) and Figure 9.5(b), respectively. The total gravity pressure of 10.8 kPa (1.2 × 5 
kPa +1.6 × 3 kPa) is converted to a triangular distributed load with maximum load per unit 
length of 43.2 kN/m (10.8 kPa × 4 m). The roof pressure considered is half the typical floor 
load as shown in Figure 9.5(b). For the system-based design check, the system resistance 
factors (φsystem) listed in Table 9.2 are used. Figures 9.5(c)-(h) illustrate the axial force, shear 
force diagram, bending moment diagram and torsional moment diagram as obtained from the 
SAP2000 second-order elastic analysis. All units are in kN and meters. 
 
  
(a) Frame configuration (b) Applied gravity load 
  
H
=
4
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 4
=
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6
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L =8 m 
L =8 m 
L =8 m 
x 
y 
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 (c) Axial force diagram (AFD) (d) Shear force diragram (SFD) (x-axis) 
  
(e) Shear Force (SFD) (z-axis)  (f) Torsional moment diagram (TMD) 
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(g) Bending moment diagram (BMD) (x-axis) (h) Bending moment diagram (BMD) (z-axis) 
 
(i) Demand to capacity ratio 
 
Figure 9.5: Structural analysis and design of Sway Frame 6 
 
In the next step, the members were designed based on AISC 360-10 Specification [2] to meet 
the in-plane bending, out-of-plane bending, shear force, axial force (compression or tension), 
torsion, and combined action capacity checks. The demand to capacity ratios for all members 
(see Figure 9.5 (i)) should be less than unity to satisfy the member capacity check. Details of 
selected member design based on AISC 360-10 can be found in Appendix G.7. 
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Figure 9.6: Notional horizontal load applied to Sway Frame 6 
 
Then, the frame model was analysed using ABAQUS considering geometric and material 
nonlinearity. To model the initial geometric imperfections in the nominal model, the notional 
horizontal load method which applies horizontal forces at each storey level of the frame was 
used. The magnitudes of the notional horizontal forces applied to Sway Frame 6 are 
illustrated in Figure 9.6. The longitudinal bending residual stress is modelled using the stress-
strain curve (see Figure 5.15) and applied uniformly to all members. The failure of the frame 
predicted by ABAQUS is shown in Figure 9.7. 
  
(a) von Mises stresses (b) Deformed shape 
Figure 9.7: Failure mode and deformed shape for Sway Frame 6 
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Based on the von Mises stress plot (Figure 9.7(a)), it was observed that the frame failed due 
to significant yielding of beams and columns. It should be mentioned that the von Mises 
stresses are the maximum value of stress anywhere in the cross-section at a given location. 
The ultimate load factor (λultimate) obtained from advanced analysis for Sway Frame 6 using 
the member sizes obtained from the AISC 360-10 Specification is equal to 1.35, which 
implies that the design is adequate, for φsystem > 1/1.35=0.74. 
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Figure 9.8: Load-deflection curve for Sway Frame 6 designed based on the AISC 360-10 
Specification 
 
In the following step, the frame was designed optimally based on advanced analysis. Three 
combinations of member cross-sections are chosen for the frame to satisfy each of the three 
proposed system resistance factors summarised in Table 9.2. The ultimate load factors based 
on the three proposed system resistance factors are 1.25, 1.18 and 1.11 and the load-defection 
curves are plotted in Figures 9.9-9.11, respectively. 
λultimate =1.35 
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Figure 9.9: Load-deflection curve for Sway Frame 6 applying a system resistance factor 0.8 
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Figure 9.10: Load-deflection curve for Sway Frame 6 applying a system resistance factor of 0.85 
λulti te =1.18 
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Figure 9.11: Load-deflection curve for Sway Frame 6 applying a system resistance factor of 0.9 
 
The member cross-sections obtained using advanced analysis were compared with those 
determined by the AISC 360-10 Specification. The total weights of steel for the different 
cases are presented in Table 9.3. 
As can be seen in Table 9.3, design based on specifications leads to a heavier structure than 
those designed by advanced analysis because the strength of the frame is defined as the load 
at which the section or member capacity is reached for a single member, whereas in actuality, 
because of redistribution of the internal actions, the applied load can be increased beyond the 
point of first reaching the section or member capacity of a member. In terms of the total 
weight of steel, designed-by-advanced analysis with a system resistance factor of 0.8 can 
save 13.79% of steel compared to the conventional design method. The steel saved increases 
to 18.44% and 23.69% by applying system resistance factors of 0.85 and 0.9, respectively. 
The member cross-sections for the three proposed system resistance factors are summarised 
in Appendix G.1. 
 
 
λultimate =1.11 
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Table 9.3: Comparison of the member-based and system-based design of Sway Frame 6 
Design Method 
System 
resistance 
factor 
λultimate Failure mode 
Steel weight 
(ton) 
Steel saved 
(%) 
Member based 
design (AISC 
360-10) 
N/A 1.35 
Sway (Yielding of 
beams and yielding 
of columns) 
11.82 - 
System-based 
design (proposed 
sections) 
0.8 1.25 
Sway (Yielding of 
beams and yielding 
of columns)  
10.19 13.79 
System-based 
design (proposed 
sections) 
0.85 1.18 
Sway (Yielding of 
beams and yielding 
of columns) 
9.64 18.44 
System-based 
design (proposed 
sections) 
0.9 1.11 
Sway (Yielding of 
beams and yielding 
of columns) 
9.02 23.69 
 
 
9.3 Example 2: HSS rigid joint Braced Frame 3 under gravity 
loads  
This example consists of a rigid joint Braced Frame 3 with rigid beam-to-column connections 
subjected to the gravity load combination. The frame configuration and loading patterns are 
presented in Figure 9.12 (a) and Figure 9.12 (b), respectively.  
  
(a) Frame configuration (b) Applied gravity load 
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(c) Axial force diagram (AFD) 
 
(d) Shear force diagram (SFD) (x-axis) 
  
(e) Shear force diagram (SFD) (y-axis) 
 
(f) Torsional moment diagram (TMD) 
  
(g) Bending moment diagram (BMD) (x-axis) (h) Bending moment diagram (BMD) (y-axis) 
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(i) Demand to capacity ratio 
 
Figure 9.12: Structural analysis and design of rigid joint Braced Frame 3 
 
 
The frame was first analysed by second-order elastic analysis and then designed according to 
the AISC 360-10 Specification. The internal action diagrams are presented in Figure 9.12(c)-
(i), respectively. Other than the braces, the design of all members is governed by the 
combined axial force and bending moment limit state. The demand to capacity ratios of all 
members are shown in Figure 9.12(i). The first buckling mode of the frame and the scale 
factor (A1) which was applied to model initial geometric imperfections in advanced analysis 
are presented in Figure 9.13. The load-deflection curve is plotted in Figure 9.14. The failure 
mode of the frame is fully yielding of beams and columns. The member cross-sections are 
presented in Appendix G.2. 
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L=4m, A1=0.1510 
 
Figure 9.13: Rigid joint Braced Frame 3, first buckling mode 
 
 
0 400 800 1200 1600 2000
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6 Ultimate=1.54
L
o
ad
 f
ac
to
r 
(
)
Vertical displacement at mid-span of Beam (BX2-2) (mm)
 
Figure 9.14: Load-deflection response for rigid joint Braced Frame 3 design based on the AISC 360-
10 Specification 
 
λultimate =1.54 
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(a) von Mises stress 
 
(b) Deformed shape 
 
Figure 9.15: Failure mode and deformed shape for Braced Frame 3 with rigid joint beam-column 
connections 
 
The load-deflection curves for the three combinations of member cross-sections 
corresponding to the three proposed system resistance factors are plotted in Figures 9.16-9.18. 
The deformed shape and von Mises stress generated by the ABAQUS model are presented in 
Figure 9.15 (a) and Figure 9.15 (b), respectively.              
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Figure 9.16: Load-deflection response for rigid joint Braced Frame 3 design based on system 
resistance factor 0.8 
  
λultimate =1.25 
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Figure 9.17: Load-deflection response for rigid joint Braced Frame 3 design based on system 
resistance factor of 0.85 
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Figure 9.18: Load-deflection response for rigid joint Braced Frame 3 design based on system 
resistance factor of 0.9 
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It can be seen from Table 9.4 that compared to the results of the member-based design, the 
system-based design corresponding to a system resistance factor of 0.8 shows a drop of 18.83% 
in λultimate. The total weights of steel saved corresponding to the system-based design method 
are 10.95%, 17.20% and 19.29% when using system resistance factors of 0.8, 0.85 and 0.9, 
respectively. 
 
Table 9.4: Comparison of the member-based and system-based design of rigid joint Braced Frame 3 
Design Method 
System 
resistance 
factor 
λultimate Failure mode 
Steel weight 
(ton) 
Steel saved 
(%) 
Member based 
design (AISC 
360-10) 
N/A 1.54 
Yielding of 
beams and 
yielding 
columns 
3.84 - 
System-based 
design 
(proposed 
sections) 
0.8 1.25 
Yielding of 
beams and 
yielding 
columns 
3.42 10.95 
System-based 
design 
(proposed 
sections) 
0.85 1.22 
Yielding of 
beams and 
yielding 
columns 
3.18 17.20 
System-based 
design 
(proposed 
sections) 
0.9 1.11 
Yielding of 
beams and 
yielding 
columns 
3.10 19.29 
 
 
9.4 Example 3: HSS Sway Frame 2 subjected to gravity and wind 
load case 8 
In addition to the gravity load combination, one medium and one large size steel frames 
under combined gravity and wind loads were also studied in this chapter. The first frame 
(Sway Frame 2) subjected to Wind Load Case 8 has 75 % of the total wind load applied from 
each direction on frame wind-load façades, as shown in  Figure 9.19(b), where the gravity 
load per unit of length is 30 kN/m = 4 m x (1.2 x 5 kPa + 0.5 x 3 kPa). The total wind load is 
taken as 10% of the total gravity load and applied as point loads at each storey level, with the 
roof load being half of the storey loads. The frame configuration is presented in Figure 9.19 
(a).  
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(a) Frame configuration (b) Applied gravity and wind load 
 
  
  
 
 
(c) Member names (d) Axial force diagram(AFD) 
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(e) Shear force diagram (SFD) (x-axis) (f) Shear force diagram (z-axis) 
 
 
 
(g) Torsional moment diagram (TMD) (h)Bending moment diagram (BMD) (x-axis) 
  
(i) Bending moment diagram (BMD) (z-axis) (j) Demand to capacity ratio 
 
Figure 9.19: Structural analysis and design of Sway Frame 2 
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The frame was first designed based on the AISC 360-10 Specification and then modelled in 
ABAQUS to determine its capacity (λultimate) by running advanced analysis. The member 
cross-sections are presented in Appendix G.3. Notional horizontal forces were applied at each 
storey level of the frame, as shown in Figure 9.20. To determine the ultimate load factor of 
the frame subjected to the gravity plus wind load combination, the analysis is carried out in 
two separate steps. The gravity load was firstly applied to the frame, and once the deformed 
shape of the frame under gravity loads was obtained, the wind loads were then applied to the 
sway frames, separately to obtain the ultimate load factor (λultimate).  
 
 
 
Figure 9.20: Notional horizontal load applied to Sway Frame 2 
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Figure 9.21: Load-deflection response for Sway Frame 2 design based on AISC360-10 Specification 
 
 
 
(a) von Mise stresses (a) Deformed shape 
 
Figure 9.22: Failure mode and deformed shape for Sway Frame 2 
 
The ultimate load for the frame design based on the AISC 360-10 Specification is equal to 
1.39 and the failure mode is frame sway where the beams and columns yielded (BFY-CFY), 
as shown in Figure 9.22. The frame was then re-designed optimally by advanced analysis 
with applying the three proposed system resistance factors. The load-deflection curves for 
λultimate . 9 
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Sway Frame 2 designed by advanced analysis based on the three proposed system resistance 
factors are shown in Figures 9.23-9.25. In all cases, the failure modes are sway with beams 
and columns yielded which are identical to the failure modes of the frame designed based on 
the AISC 360-10 Specification. The total weight of the frame designed with different system 
resistance factors are summarised in Table 9.5 and as can be seen in the table, the ultimate 
load factor drops to 1.25 with a steel frame that is 9.84% lighter. The total weight of frames 
designed by advanced analysis based on system resistance factors of 0.85 and 0.9 are 4.98 
tonne and 4.49 tonne, respectively, indicating that 9.84% and 14.06% of steel are saved, 
respectively.  
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Figure 9.23: Load-deflection response for Sway Frame 2 design based on system resistance factor 0.8 
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Figure 9.24: Load-deflection response for Sway Frame 2 design based on system resistance factor 
0.85 
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Figure 9.25: Load-deflection response for Sway Frame 2 design based on system resistance factor 0.9 
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Table 9.5: Comparison of the member-based and system-based design of Sway Frame 2 
Design Method 
System 
resistance 
factor 
λultimate Failure mode 
Steel weight 
(ton) 
Steel saved 
(%) 
Member based 
design (AISC 
360-10) 
N/A 1.39 
Sway  
(Yielding of beams 
and yielding 
columns)  
4.98 - 
System-based 
design (proposed 
sections) 
0.8 1.25 
Sway  
(Yielding of beams 
and yielding 
columns) 
4.49 9.84 
System-based 
design (proposed 
sections) 
0.85 1.19 
Sway  
(Yielding of beams 
and yielding 
columns) 
4.28 14.06 
System-based 
design (proposed 
sections) 
0.9 1.11 
Sway  
(Yielding of beams 
and yielding 
columns) 
4.15 16.67 
 
 
9.5 Example 4: HSS Sway Frame 5 under gravity and Wind Load 
Case 2 
The fourth frame is a large and irregular six-storey frame (Figure 26(a)) subjected to Wind 
Load Case 2 consisting of applying full wind loads from a single (z-axis) direction of the 
frame wind-load façades as shown in Figure 9.26(b). The internal actions are presented in 
Figures 9.26(c)-(h) as obtained from a second-order elastic analysis. The demand to capacity 
ratios of all members are shown in Figure 9.26(i). The member cross-sections are presented 
in Appendix G.4.  
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(a) Frame configuration 
 
(b) Applied gravity and wind load 
 
 
 
(c) Axial force diagram (AFD) 
 
(d) Shear force diagram (SFD) (x-axis) 
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(e) Shear force diagram (SFD) (z-axis) 
 
(f) Torsional moment diagram (TMD) 
 
 
(g) Bending moment diagram (BMD) (x-axis) 
 
(h) Bending moment diagram (BMD) (z-axis) 
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(i) Demand to capacity ratio 
 
Figure 9.26: Structural analysis and design for Sway Frame 5 
 
 
The frame designed based on the AISC 360-10 Specification was then modelled in ABAQUS. 
Both initial geometric imperfections and longitudinal bending residual stress were considered 
in the model. The initial geometric imperfections were considered using the notional 
horizontal load method whereas the longitudinal bending residual stress was modelled using a 
proposed stress-strain curve. The magnitudes of the applied notional loads are shown in 
Figure 9.27.  
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Figure 9.27: Notional horizontal loads applied to Sway Frame 5 
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Figure 9.28: Load-deflection response for Sway Frame 5 design based on the AISC 360-10 
Specification 
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(a) von Mises stress (b) Deformed shape 
 
Figure 9.29: Failure mode and deformed shape for Sway Frame 5 
 
Advanced analysis of the frame designed to the AISC-360 Specification resulted in an 
ultimate load factor of 1.26. The load-deflection curve is shown in Figure 9.28. The failure 
mode of the frame is sway due to fully yielded beams and columns as shown in Figure 
9.29(a). The frame was then re-designed with the three proposed system resistance factors, 
the load-deflection curves are shown in Figures 9.30-9.32.  
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Figure 9.30: Load-deflection response for Sway Frame 5 design based on system resistance factor 0.8 
λultimate =1.25 
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Figure 9.31: Load-deflection response for Sway Frame 5 design based on system resistance factor 
0.85 
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Figure 9.32: Load-deflection response for Sway Frame 5 design based on system resistance factor 0.9 
 
The total steel weights required for the frame designed based on each of the proposed system 
resistance factors are shown in Table 9.6. It can be seen from the table that the ultimate load 
factors of the frames designed by advanced analysis drops to 1.25, 1.18, and 1.11 for the 
system resistance factors of 0.8, 0.85 and 0.9, respectively, resulting in 8.27%, 14.66% and 
16.89% lighter frames than the frame designed to the AISC 360-10 Specification, 
respectively. The failure modes for the three frames designed by advanced analysis is sway 
λultimate =1.18 
λultimate =1.11 
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with fully yielded beams and columns, which are also the failure mode of the frame designed 
to the AISC 360-10 Specification (see Figure 9.29). 
Table 9.6: Comparison of member-based and system-based design of Sway Frame 5 
Design Method 
System 
resistance 
factor 
λultimate Failure mode 
Steel weight 
(ton) 
Steel saved 
(%) 
Member based 
design (AISC 
360-10) 
N/A 1.26 
Sway  
(Yielding of beams 
and yielding 
columns)  
16.21 - 
System-based 
design (proposed 
sections) 
0.8 1.25 
Sway  
(Yielding of beams 
and yielding 
columns) 
14.87 8.27 
System-based 
design (proposed 
sections) 
0.85 1.18 
Sway  
(Yielding of beams 
and yielding 
columns) 
14.03 14.66 
System-based 
design (proposed 
sections) 
0.9 1.11 
Sway  
(Yielding of beams 
and yielding 
columns) 
13.84 16.89 
 
9.6 Example 5: I-section Sway Frame 4 without rigid diaphragms 
subjected to gravity load  
In this example, a three-storey I-section sway frame (Sway Frame 4) without rigid 
diaphragms subjected to gravity loads was considered. The frame configuration and loading 
patterns are illustrated in Figure 9.33(a) and Figure 9.33(b), respectively. The internal actions 
obtained from the elastic second-order analysis are shown in Figure 9.33(c)-(h). The demand 
to capacity ratios for all members based on the AISC 360-10 Specification are presented in 
Figure 9.33(i). Details of selected member design based on AISC 360-10 can be found in 
Appendix G.8. 
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(a) Frame configuration 
 
(b) Applied gravity  
 
  
(c) Axial force diagram (AFD) 
 
(d) Shear force diagram (SFD) (x-axis) 
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(e) Shear force diagram (SFD) (y-axis) 
 
(f)Torsional moment diagram (TMD) 
 
 
(g) Bending moment diagram (BMD) (x-axis) 
 
(h) Bending moment diagram (BMD) (y-axis) 
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(i) Demand to capacity ratio 
 
Figure 9.33:Load-deflection response for Sway Frame 4 design based on the AISC 360-10 
Specification 
 
 
 
 
 
 
 
L=H=12 m, A1=16.572 L=H=12 m, A2=2.582 L=H=12 m, A3=0.724 
 
Figure 9.34: I-section Sway Frame 2, first three buckling modes 
 
The frame was then modelled in ABAQUS. To model initial geometric imperfections for I-
section frame, the linear combination of the first three buckling modes of the frame was used. 
The shapes and magnitudes of each mode are shown in Figure 9.34. Details of this method 
are provided in Chapter 4. The residual stress was modeled using the ECCS (European 
Council for Constructional Steelworks) [56] residual stress model (See Chapter 3) and 
applied uniformly to all members.  
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The failure mode of the frame designed to the AISC-360 Specification is flexural-torsional 
buckling and partially yielded beams and columns. The load-deflection curve for Sway 
Frame 4 design based on the member-based design method is shown in Figure 9.35 with an 
ultimate load factor of 1.39, indicating an adequate design. The failure mode generated by 
ABAQUS is shown in Figure 9.36. 
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Figure 9.35:Load-deflection response for Sway Frame 4 design based on the AISC 360-10 
Specification 
 
 
 
 
(a) von Mises stress (b) Deformed shape 
 
Figure 9.36: Failure mode and deformed shape for Sway Frame 4 
λultimate 1.39 
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The frame was then re-designed based on the three proposed system resistance factors and 
analyzed using ABAQUS. The ultimate load factors are equal to 1.25, 1.23 and 1.15 
corresponding to the use of system resistance factors of 0.8, 0.85 and 0.9, respectively, and 
the load-defection curves are shown in Figures 9.37-9.39, respectively. The member cross-
sections are presented in Appendix G.5. 
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Figure 9.37: Load-deflection curve for Sway Frame 4 design based on system resistance factor 0.8 
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Figure 9.38: Load-deflection curve for Sway Frame 4 design based on system resistance factor 0.85 
λultimate =1.25 
λultimate =1.23 
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Figure 9.39: Load-deflection curve for Sway Frame 4 design based on system resistance factor 0.9 
 
The total steel weights of the frame designed using each of the proposed three system 
resistance factors are summarised in Table 9.7. It was observed that the total steel weight of 
the frame is 2.79% lighter when designing frame using the system-based design method with 
a system resistance factor of 0.8 and this further increases to 13.92% if a system resistance 
factor of 0.9 is used.  
 
Table 9.7: Comparison of the member-based and system-based design of Sway Frame 5 
Design Method 
System 
resistance 
factor 
λultimate Failure mode 
Steel weight 
(ton) 
Steel saved 
(%) 
Member based 
design (AISC 
360-10) 
N/A 1.39 
Flexural-torsional 
buckling and 
yielding columns  
7.053 - 
System-based 
design (proposed 
sections) 
0.8 1.25 
Flexural-torsional 
buckling and 
yielding columns 
6.856 2.79 
System-based 
design (proposed 
sections) 
0.85 1.233 
Flexural-torsional 
buckling and 
yielding columns 
6.573 6.81 
System-based 
design (proposed 
sections) 
0.9 1.15 
Flexural-torsional 
buckling and 
yielding columns) 
6.071 13.92 
λultimate =1.15 
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9.7 Example 6: I-section Sway Frame 5 subjected to gravity load 
and Wind Load Case 2  
A six-storey I-section irregular sway frame (Figure 9.40(a)) subjected to combined gravity 
and wind loads were studied in this example. The gravity loads applied to the frame are 
shown in Figure 9.40(b). The internal actions which obtained from SAP2000 are presented in 
Figure 9.40(c)-(h). Details of selected member design based on AISC 360-10 can be found in 
Appendix G.9. 
 
 
(a) Frame configuration (b) Applied gravity and wind load 
  
(c) Axial force diagram (AFD) 
 
(d) Shear force diagram (SFD) (x-axis) 
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(e) Shear force diagram (SFD) (z-axis) (f) Torsional moment diagram (TMD) 
  
(g) Bending moment diagram (BMD) (x-axis) 
 
(h) Bending moment diagram (BMD) (z-axis) 
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(i) Demand to capacity ratio 
 
Figure 9.40: Structural analysis and design of Sway Frame 5 
 
 
 
 
L=H=24 m, A1=33.144 L=H=24 m, A2=5.164 L=H=24 m, A3=1.447 
 
Figure 9.41: Sway Frame 5, first three buckling modes 
 
Similar to previous examples, the frame was first designed based on the AISC 360-10 
Specification and subsequently modelled in ABAQUS using advanced analysis. The steel 
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weight is summarised in Table 9.8. Initial geometric imperfection is modelled by the linear 
combination of the buckling modes method. The shapes and magnitudes of the first three 
buckling modes are presented in Figure 9.41. The procedures for carrying out the two-step 
analysis for frame subjected to gravity and wind load combination are described in Section 
9.3. The ultimate load factor for the frame design based on the AISC-360-10 Specification is 
equal to 1.48 and the failure mode is frame sway with yielded the beams and columns (see 
Figure 9.42). The member cross-sections are presented in Appendix G.6. 
 
 
  
(a) von Mises stress (b) Deformed shape 
 
Figure 9.42: Failure mode and deformed shape for I-section Sway Frame 5  
 
The frame was then designed by advanced analysis. A 4.52% lighter steel frame is achieved 
when a system resistance factor of 0.8 is used. The total steel weights saved are further 
increased to 9.41% and 11.51% when the system resistance factors of 0.85 and 0.9 are 
considered, respectively. The load-deflection curves are shown in Figures 9.43-9.46 and the 
total steel weights of the frame for member-based and system-based design methods are 
summarised in Table 9.10.   
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Figure 9.43: Load-deflection response for Sway Frame 5 design based on the AISC 360-10 
Specification 
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Figure 9.44: Load-deflection response for Sway Frame 5 design based on system resistance factor 0.8 
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Figure 9.45: Load-deflection curve for Sway Frame 5 design based on system resistance factor 0.85 
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Figure 9.46: Load-deflection response for Sway Frame 5 design based on system resistance factor 0.9 
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Table 9.8: Comparison of member-based and system-based design of Sway Frame 5 
Design Method 
System 
resistance 
factor 
λultimate Failure mode 
Steel weight 
(ton) 
Steel saved 
(%) 
Member based 
design (AISC 
360-10) 
N/A N/A 
Sway (Yielding of 
beams and columns)  
17.182 0% 
System-based 
design (proposed 
sections) 
0.8 1.25 
Sway (Yielding of 
beams and columns) 
16.406 4.52% 
System-based 
design (proposed 
sections) 
0.85 1.18 
Sway (Yielding of 
beams and columns) 
15.566 9.41% 
System-based 
design (proposed 
sections) 
0.9 1.11 
Sway (Yielding of 
beams and columns) 
15.205 11.51% 
 
 
9.8 Summary 
Based on the results of the four HSS frame, as summarised in Tables 9.3-9.6, and two I-
section steel frames summarised in Tables 9.7-9.8, the average weights of steel saved for the 
system-based design method by advanced analysis are summarised in Table 9.9. It can be 
concluded that the system-based design method can save about 15% of steel weight 
compared to the conventional member-based design method. This value is consistent with the 
results obtained by Ziemian [102]. 
Table 9.9: Average weight of steel saved for 3D steel frames designed by advanced analysis 
Proposed system resistance factor Average steel weight saved (%) 
0.8 7.61 
0.85 11.88 
0.9 15.10 
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9.9 Conclusion 
The 3D steel frames which designed using the system-based design method by advanced 
analysis weight less than the frames designed by the member-based design method since the 
capability of the frames to redistribute load subsequent to the first yield and associated 
complex interactions between members of a large structural system. 
 
This chapter presents the application of system-based design method by advanced analysis 
for 3D cold-formed HSS and hot-rolled I-section frames. Four HSS frame design examples 
and two I-section frame design examples are presented to cover regular and irregular 3D 
sway frames subjected to the gravity and gravity plus wind load combinations as well as 3D 
braced frames subjected to the gravity load combination. Initially, the frames were analysed 
using SAP2000 and designed using the conventional member-based method based on the 
provisions of AISC 360-10 Specification. These frames were then modelled using the finite-
element software ABAQUS which is capable of performing advanced analysis. With the 
failure modes and the frame ultimate strengths determined by advanced analysis, the frames 
were then re-designed optimally using the system-based method where different 
combinations of member cross-sections are chosen to satisfy the three proposed system 
resistance factors of 0.8, 0.85 and 0.9. Moreover, the total weights of the steel frames using 
both design method are calculated and compared. It was concluded that the system-based 
design method can save up to 15% of the weight of steel compared to the conventional 
member-based design method. 
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Chapter 10: Conclusion and Future Work 
 
10.1 Conclusion 
Advanced analysis is well recognized as an alternative design tool to the traditional member- 
based design method. It provides structural engineers a more reliable design method which 
shortens design time because there is no need for separate member/section capacity checks. 
In addition, it shows the failure mode of the structure, enabling the designer to consider the 
consequences of failure. And in most cases, using system-based design by advanced analysis 
leads to a reduction in the weight of steel used.  
 
This thesis presents a comprehensive study for developing the next generation design 
standards for three-dimensional steel frames based on advanced analysis. The statistical 
characteristics of frame ultimate strength were developed for an extensive range of low-to-
mid rise three-dimensional steel frames by using Monte-Carlo simulation. Simplified 
approaches to model the initial geometric imperfection for 3D I-section frames and HSS 
frames are developed and a proposed modified stress-strain curve for modelling the 
longitudinal bending residual stress in cold-formed HSS is introduced. Based on the 
developed statistical models for residual stress and initial geometric imperfections, advanced 
analyses were performed to obtain the statistics of the frame ultimate strength for different 
configurations and failure modes. A simplified FORM was then performed to derive the 
system resistance factors for designing three-dimensional steel frames at system level by 
advanced analysis. 
 
10.2 Remarks 
The following remark is a summary of the most significant contributions arising from this 
thesis as stated at the end of Chapters 3 to 9: 
 
In Chapter 3, advanced analysis models for 3D hot-rolled I-section and cold-formed HSS 
steel frames are developed and the main features are summarised as follows: 
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 Details of the finite-element model for I-section and HSS frames are summarised and 
include: (1) selection of element type and material models, (2) implementation of 
residual stress and initial geometric imperfections and (3) determination of the ultimate 
strength of the frame models 
 
 Different failure modes of 3D I-section and HSS frames were defined and summarised. 
 
 The modelling of live load reduction and rigid diaphragms in the finite-element model 
were implemented and examples were provided.  
 
 The developed 3D steel frame models were verified through various frames selected 
from the literature and excellent agreement was achieved. 
 
 A mesh convergence study was carried out and it was found that a mesh size of 200 mm 
is sufficient, resulting in typically 20-50 elements per beam/column member. 
 
In Chapter 4, two convenient approaches were introduced to model initial geometric 
imperfection for I-section and HSS frames. The main features are summarised as follows: 
 
 For I-section frames, the initial geometric imperfection was modelled by the linear 
combination of scaled buckling modes method. Appropriate numbers of elastic buckling 
modes and the magnitude of the scale factors for each mode are recommended through a 
probabilistic approach. The study reveals that the imperfections for I-section sway and 
braced frames can be modelled rigorously by using the first three buckling modes and the 
first buckling mode, respectively.   
 
 For HSS sway frames, the initial geometric imperfection was modelled by the notional 
horizontal load method, and the magnitudes of the load factors were determined by a 
probabilistic approach. Since the notional horizontal load method for modelling the 
initial geometric imperfections for braced frame is tedious, it is therefore proposed to 
scale the first elastic buckling mode for modelling the member imperfections in HSS 
braced frames. 
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 The proposed approaches were verified through a comprehensive probabilistic approach 
and excellent agreement was achieved.  
 
In Chapter 5, different components of residual stress in the longitudinal and transversal 
directions for HSS were summarised and investigated. The main findings include: 
 
 A procedure was proposed to model the residual stresses in HSS by modifying the stress-
strain curve. 
 
 Different stress-strain curves were proposed to account for different components of the 
residual stress in HSS, and of all the components of residual stress, the longitudinal 
bending residual stress plays an important role in affecting the frame ultimate strength.  
 
 The longitudinal bending residual stress was indirectly considered in the nominal model 
by a proposed polynomial function to describe the stress-strain relationship. The 
accuracy of the proposed stress-strain curve was verified through a probabilistic 
approach in which excellent agreement was achieved. 
 
 
In Chapter 6, the statistical data of the inherent uncertainties in material and geometric 
properties as well as the model uncertainty in I-section and HSS are summarised and a 
reliability framework for developing the system resistance factors for Direct Design Method 
(DDM) is presented, the main findings include: 
 
 A sensitivity analysis was performed to identify the main uncertainties in material and 
geometric properties which affect the frame ultimate strength. It was concluded that the 
contribution of each uncertainty in affecting the frame ultimate strength varies with 
different frame failure modes. Therefore, all the uncertainties in material and geometric 
properties were modelled in the simulations. 
 
 An example of three-storey space frame was used to demonstrate the system reliability 
framework for deriving system resistance factors at different levels of reliability. 
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 For the gravity plus wind load combination, four wind load categories based on ASCE 
07-05 [125] were studied. It was concluded that Wind Category 1 and Wind Category 3 
are the dominant wind categories for HSS and I-section sway frames,  
 
 Two methods were presented to derive the relationship between the system reliability 
and system resistance factors: (1) the adjusting applied load method, (2) the adjusting 
frame cross-sections method. The conclusion drawn from the results is that both methods 
produce the same outcome for the system resistance factors 
 
In Chapter 7, an extensive range of 3D hot-rolled I-section steel frames with regular and 
irregular configurations were examined to derive appropriate system resistance factors to be 
used in system-based method of 3D I-section frames. The important findings include: 
 
 Probabilistic assessments were performed to obtain the statistics of the frame ultimate 
strength and associated system resistance factors for 3D I-section steel frames. It was 
concluded that the system resistance factors do not depend on specific failure modes. 
 
 The system resistance factors were also summarised for different load combinations 
(gravity loads or gravity plus different wind loads), different frame geometry (regular or 
irregular) and different connection types (rigid or hinge). It can be concluded that the 
system resistance factors summarised from all frame types and load combination are 
consistent. 
 
 The effects of live load reduction on the frame ultimate strength and associated system 
resistance factors were investigated and it was found that the system resistance factors do 
not depend on whether the live load has been reduced or not. 
 
 The conclusion drawn from the simulation results for 3D I-section frames is that for 
target reliability indices of 2.5 and 3.0, the associated system resistance factors are 0.90 
and 0.80, respectively 
 
 The serviceability reliability indices for 3D I-section sway frames subject to service wind 
load were assessed and it was found that the serviceability reliability indices for 3D I-
section frames designed using the system-based design method by advanced analysis are 
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roughly consistent on an annual basis, to those appearing in the commentary to the 
serviceability provisions in ASCE 7-05 [125].  
 
 The effects of floor slabs (rigid diaphragms) on the frame ultimate strength and 
associated system resistance factors were investigated and it was concluded that although 
the failure mode of the I-section frames differed when rigid diaphragms were presented, 
the final value of the system resistance factors does not vary. 
 
 The effects of initial geometric imperfection and residual stress on the statistical 
characteristics of the frame ultimate strength and associated system resistance factors 
were evaluated and it was found that the system resistance factors should be reduced to 
0.75 and 0.67 for target reliability indices of 3.0 and 2.5, respectively, to indirectly 
accounted for the effects of initial geometric imperfection and residual stress.    
 
In Chapter 8, reliability assessment for a wide range of 3D cold-formed HSS frames were 
carried out and the appropriate system resistance factors were derived. The effects of 
uncertainties in material and geometric properties were investigated. The important findings 
include: 
 
 Probabilistic assessment of 3D HSS frames was carried out and it was found that the 
system resistance factors do not depend on the specific failure modes. 
 
 The derived system resistance factors for HSS frames are consistent with the system 
resistance factors derived for I-section frames. 
 
 The wind drift serviceability reliability for 3D HSS sway frames were assessed and 
compared with the results for HSS sway frames with the results showing that these 
reliability indices are roughly consistent. 
 
In Chapter 9, six design examples were presented to demonstrate the efficiency of the 
system-based design method by advanced analysis. Each frame was designed to satisfy three 
proposed system resistance factors (0.8, 0.85, and 0.9). The results indicated that the system-
based design method by advanced analysis can be used effectively to design three-
dimensional steel frames and enable the designer to consider the consequences of failure. It 
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was also found that up to 15 % of steel can be saved by using the system-based design 
method. 
   
10.3 Recommendations for future work 
Recommendations for future work are as follows: 
 
 The research presented in this thesis is based on three-dimensional frames with compact 
cross-section. Thus, the effect of local buckling is not considered. Further work is 
required to incorporate the effect of local buckling into beam finite-element model and 
determine the appropriate system resistance factors. 
 
 The load combinations considered in this study are limited to gravity and gravity plus 
wind load combinations. More loading types such as snow and earthquake loads are 
required to consider for deriving the system resistance factors. 
 
 This research assumes that the sway frames have rigid connections which have adequate 
strength and ductility to sustain the forces and deformation imposed under the loads. The 
impact of connection behaviors (semi-rigid connections) and their uncertainty on system 
resistance factor are required to be considered. 
 
 The presented research assumes that frames are fully fixed to the ground, and the effect 
of soil-structure interaction should be considered in advanced analysis. 
 
 The presented research assumes that the floor slabs are infinitely rigid. The impact of 
semi-rigid diaphragms (both vertical and horizontal) and their uncertainty on system 
resistance factors are required to be further investigated. 
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Appendix A - Advanced Analysis Model 
A.1 Residual stress Subroutine implemented into ABAQUS for I-
section Sway Frame 8 
 SUBROUTINE SIGINI(SIGMA,COORDS,NTENS,NCRDS,NOEL,NPT,LAYER, 
     1 KSPT,LREBAR,NAMES) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      REAL FY,X 
      DIMENSION SIGMA(NTENS),COORDS(NCRDS) 
      CHARACTER NAMES(2)*80 
C 
C RESIDUAL STRESS DISTRIBUTION 
      FY=320 
      X=1 
      FR=0.3*FY*X 
      IF(NOEL.GE.1341.AND.NOEL.LE.1355)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1821.AND.NOEL.LE.1835)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2081.AND.NOEL.LE.2095)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2261.AND.NOEL.LE.2275)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.611.AND.NOEL.LE.625)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1956.AND.NOEL.LE.1970)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1286.AND.NOEL.LE.1300)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1766.AND.NOEL.LE.1780)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2026.AND.NOEL.LE.2040)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2206.AND.NOEL.LE.2220)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2151.AND.NOEL.LE.2165)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2136.AND.NOEL.LE.2150)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2936.AND.NOEL.LE.2950)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2356.AND.NOEL.LE.2370)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.81.AND.NOEL.LE.95)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3046.AND.NOEL.LE.3060)THEN 
      FR=0.5*FY*X 
1 2 3 4 5 
9 10 11 12 13 
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      ELSEIF (NOEL.GE.2526.AND.NOEL.LE.2540)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1971.AND.NOEL.LE.1985)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.501.AND.NOEL.LE.515)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.516.AND.NOEL.LE.530)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3116.AND.NOEL.LE.3130)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2676.AND.NOEL.LE.2690)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2691.AND.NOEL.LE.2705)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2371.AND.NOEL.LE.2385)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.801.AND.NOEL.LE.815)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2991.AND.NOEL.LE.3005)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2511.AND.NOEL.LE.2525)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1191.AND.NOEL.LE.1205)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.176.AND.NOEL.LE.190)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2426.AND.NOEL.LE.2440)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3101.AND.NOEL.LE.3115)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2581.AND.NOEL.LE.2595)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1356.AND.NOEL.LE.1370)THEN 
      FR=0.5*FY*X 
      ELSEIF(NOEL.GE.2496.AND.NOEL.LE.2510)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2481.AND.NOEL.LE.2495)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1176.AND.NOEL.LE.1190)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.271.AND.NOEL.LE.285)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1506.AND.NOEL.LE.1520)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2881.AND.NOEL.LE.2895)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3281.AND.NOEL.LE.3295)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3336.AND.NOEL.LE.3350)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3266.AND.NOEL.LE.3280)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1616.AND.NOEL.LE.1630)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.326.AND.NOEL.LE.340)THEN 
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      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1601.AND.NOEL.LE.1615)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.746.AND.NOEL.LE.760)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1631.AND.NOEL.LE.1645)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.1491.AND.NOEL.LE.1505)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.2786.AND.NOEL.LE.2800)THEN 
      FR=0.5*FY*X 
      ELSEIF (NOEL.GE.3171.AND.NOEL.LE.3185)THEN 
      FR=0.5*FY*X 
      END IF 
      IF(KSPT.EQ.1)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.5)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.9)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.13)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.3)THEN 
      SIGMA(1)=FR 
      ELSEIF(KSPT.EQ.7)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.11)THEN 
      SIGMA(1)=FR 
      ELSEIF(KSPT.EQ.2)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.4)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.6)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.8)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.10)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.12)THEN 
      SIGMA(1)=0 
      END IF 
      RETURN 
      END 
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A.2 Membrane component of residual stress subroutine 
implemented into ABAQUS for HSS Sway Frame 
       SUBROUTINE SIGINI(SIGMA,COORDS,NTENS,NCRDS,NOEL,NPT,LAYER, 
     1 KSPT,LREBAR,NAMES) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      REAL FY,X 
      DIMENSION SIGMA(NTENS),COORDS(NCRDS) 
      CHARACTER NAMES(2)*80 
C 
C RESIDUAL STRESS DISTRIBUTION 
      FY=450*1.1 
      X=0.1 
      FR=FY*X 
      IF(KSPT.EQ.1)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.5)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.9)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.13)THEN 
      SIGMA(1)=-FR 
      ELSEIF(KSPT.EQ.3)THEN 
      SIGMA(1)=FR 
      ELSEIF(KSPT.EQ.7)THEN 
      SIGMA(1)=FR 
      ELSEIF(KSPT.EQ.11)THEN 
      SIGMA(1)=FR 
      ELSEIF(KSPT.EQ.15)THEN 
      SIGMA(1)=FR 
      ELSEIF(KSPT.EQ.2)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.4)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.6)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.8)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.10)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.12)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.14)THEN 
      SIGMA(1)=0 
      ELSEIF(KSPT.EQ.16)THEN 
      SIGMA(1)=0 
      END IF 
      RETURN 
      END 
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A.3 Python script to extract the ultimate load factor and 
deflection 
from abaqusConstants import* 
from odbAccess import* 
import string 
import os 
import glob 
import math 
FOLDER="C:\Users\wliu5107\Desktop\New folder (3)" 
os.chdir(FOLDER) 
h=open('LPF.txt','w') 
j=open('Numbering.txt','w') 
Height=180 
 
for filename in glob.glob('*odb'): 
    x=os.path.splitext(filename)[-2]  # get the filename without extension 
    odb=session.openOdb(name=filename) 
    val=session.odbs[filename].steps['Step-1'].historyRegions['Assembly 
ASSEMBLY'].historyOutputs['LPF'].data 
 
 
    disp=session.odbs[filename].rootAssembly.nodeSets['MID_2'] 
    disp1=session.odbs[filename].rootAssembly.nodeSets['MID_1'] 
    print disp 
    print disp1  
    U_1=session.odbs[filename].steps['Step-
1'].frames[0].fieldOutputs['U'].getSubset(region=disp).values[0].data[0]  #X displacement 
    print U_1 
    U_2=session.odbs[filename].steps['Step-
1'].frames[1].fieldOutputs['U'].getSubset(region=disp).values[0].data[0] 
 
# First Ultimat Limite State. Maximum Load Factor 
 
    i=0 
    length=len(val) 
    print length 
   while i<length-1: 
      if val[i][1]<val[i+1][1]: 
       Max_LPF=val[i+1][1] 
       L=i+2                                #start at zero, odb is start at 1 
       Before_Max=val[i][1] 
       B=i+1 
       i=i+1 
      else: 
       i=i+1 
    start=val[0][1]         #Load factor at start 
    next_start=val[1][1]     #Load factor at second start 
    print start 
    print next_start 
    print Max_LPF 
    print L 
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    print Before_Max  
    print B 
 
# Second Stiffness reduction 
    condition1=abs((val[1][1]-val[0][1])/(U_2-U_1)) 
    condition2=0.05*condition1                            #5% of the initial stiffness 
    condition2=math.degrees(atan(condition2)) 
    print condition1 
    print condition2 
 
    j=0 
    length=len(val) 
   while j<length-1: 
 
      condition3=(val[j+1][1]-val[j][1]) 
      condition4=((session.odbs[filename].steps['Step-
1'].frames[j+1].fieldOutputs['U'].getSubset(region=disp).values#[0].data[0]-
session.odbs[filename].steps['Step-
1'].frames[j].fieldOutputs['U'].getSubset(region=disp).values[0].data[0])) 
 
      condition5=abs(condition3/condition4) 
      condition5=math.degrees(atan(condition5)) 
      if condition5<=condition2: #if less than 5% of stiffness 
 
       Max_LPF2=val[j][1] 
       
Corr_Disp=session.odbs[filename].steps['Step1'].frames[j].fieldOutputs['U'].getSubset(region=disp).v
alues[0].data#[0] 
       break 
 
      else: 
       j=j+1 
 
    print j 
    print Max_LPF2 
 
 
#Third ultimate Limit Inner storey drift 
    k=0 
    length=len(val) 
    while k<length-1: 
 
     Difference=((session.odbs[filename].steps['Step-
1'].frames[k].fieldOutputs['U'].getSubset(region=disp).values[0].data[0]-
session.odbs[filename].steps['Step-
1'].frames[k].fieldOutputs['U'].getSubset(region=disp1).values[0].data[0]))/Height 
#     print session.odbs[filename].steps['Step-
1'].frames[k].fieldOutputs['U'].getSubset(region=disp).values[0].data[0] 
     print 111111111111111111111111111111 
     print Difference 
 
     if Difference>=0.05*180: 
       Max_LPF3=val[k][1] 
       Corr_Disp1=session.odbs[filename].steps['Step-
1'].frames[k].fieldOutputs['U'].getSubset(region=disp).values[0].data[0] 
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       break 
 
     else: 
       k=k+1 
 
 
    odb.close 
A.4 Matlab function to automatically calculate live load reduction 
in ABAQUS Input files 
function [Beam_Load,col_axial_reduce]=Live_Load_Reduction 
(plane,node,Dead_Load,live_to_dead,Live_Load_Percentage,Limit_State) 
 
Live_Load=Dead_Load*live_to_dead; 
col_axial=[]; 
col_axial_noduplication=[]; 
col_axial_reduce=[]; 
t2=[0,0,0]; 
t3=[]; 
exist=-1; 
found=0; 
num_floor_support=0; 
 
 
 
for i =1:size(plane,1)                                                     %i is story  j is plane 
for j=1:size(plane,2) 
if isempty(plane[78]1111111,2)~=1 
            x=abs(max(node(plane{i,j},2))-min(node(plane{i,j},2)));        %This is consistently 4 due to 
the option "Interior column and exterior column without the cantiliver slab"          
            z=abs(max(node(plane{i,j},4))-min(node(plane{i,j},4))); 
for k=1:size(plane{i,j},2) 
 
             t1=[plane{i,j}(k),(Limit_State)*(x*z*10^-6)/4,x*z]; %[Node ID , Load, Influence Area] 
 
             col_axial=[col_axial;t1]; 
 
end 
end 
end 
end 
 
%reformat plane array 
plane1={}1; 
k=1; 
for i=1:size(plane,1) 
for j=1:size(plane,2) 
if isempty(plane{i,j})~=1 
           plane1{i,k}=plane{i,j}; 
           k=k+1; 
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end 
end 
    k=1; 
end 
plane={}; 
plane=plane1; 
 
  col_axial_noduplication=EndDuplication(col_axial,node);  
 
% col_axial_noduplcation [Node ID , Total Axial Force , Influence Area] 
%Lo_Reduction=(0.25+15/(sqrt(Ai)))Lo 
for i=1:size(col_axial_noduplication,1) 
     reduce= 0.25+15/(sqrt((col_axial_noduplication(i,3)/(1000^2)/37.16*400))); 
 
if  col_axial_noduplication(i,4)==1 
if reduce < 0.5 
          reduce=0.5;  
elseif reduce>1 
          reduce =1;  
end 
elseif col_axial_noduplication(i,4)>1 
if reduce < 0.4 
          reduce=0.4; 
elseif reduce>1 
          reduce =1;  
end 
end 
 
     col_axial_reduce(i,:)= 
[col_axial_noduplication(i,1),(col_axial_noduplication(i,2)*reduce*Live_Load_Percentage+col_axial
_noduplication(i,2)*(1-
Live_Load_Percentage)),col_axial_noduplication(i,3),reduce,reduce*Live_Load_Percentage+(1-
Live_Load_Percentage),col_axial_noduplication(i,4)]; %Specify Live load ratio here 
 
end 
 
 
Beam_Load=[]; 
Area=0; 
num_floor_support=1; 
num_beam=1; 
% Start to calculate Beam Live Load Reduction 
for i=1:size(plane,1) % number of story 
 
for j=1:size(plane,2) 
if isempty(plane{i,j})~=1 
          t1=plane{i,j}'; 
 
 
for k=2:size(t1,1) 
 
if node(t1(1),2)~=node(t1(k),2) && node(t1(1),4)~=node(t1(k),4) 
               diagonal=k; 
end 
           t=t1(3); 
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           t1(3)=t1(diagonal); 
           t1(diagonal)=t;                                                 %Find the diagonal member so it alway count in 
either clockwise or anti-clockwise 
end 
 
for k=1:size(t1,1) 
if k==size(t1,1) 
             t2=[t1(k),t1(1)]; 
             t3=[t3;t2]; 
else 
             t2=[t1(k),t1(k+1)]; 
             t3=[t3;t2]; 
end 
 
end 
end 
end 
 1   
for k=1:size(t3,1) 
for l=1:size(t3,1) 
if k~=l 
 
if isequal(sort(t3(k,:)),sort(t3(l,:)))                          %Calculate the number of plane that the beam is 
support 
if mod(l,4)==0 
                  location=l/4-mod(l/4,1); 
else 
                  location=l/4-mod(l/4,1)+1; 
end 
 1               
              Area=Array_Area(node,plane{i,location},t3(k,:));             %Same plane location 
 
              num_floor_support=num_floor_support+1; 
break 
 
end 
end 
end 
 
if isempty(Beam_Load)~=1  
for n=1:size(Beam_Load,1) 
 
if isequal(sort(t3(k,1:2)),sort(Beam_Load(n,1:2)))==1        %Get rid of the duplication plane 
                  exist=1; 
end 
end 
end 
          1 
if exist ~=1 
 
if mod(k,4)==0                                                    %k is the number of plane in the story 
            Area1=Array_Area(node,plane{i,k/4-mod(k/4,1)},t3(k,:));             %find the area of the plane 
itself 
else 
            Area1=Array_Area(node,plane{i,k/4-mod(k/4,1)+1},t3(k,:));           %Area Current plane 
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location 
end 
         1   
         t4=[t3(k,:),Area+Area1,num_floor_support]; 
         Beam_Load(num_beam,:)=t4; 
         num_beam=num_beam+1; 
end 
      Area=0; 
      exist=-1; 
      num_floor_support=1; 
end 
t3=[];   
 
end 
 
 
for i =1:size(Beam_Load,1) 
    reduce= 0.25+15/(sqrt((Beam_Load(i,3)/(1000^2)/37.16*400))); 
    
reduce_Live_Percentage=(0.25+15/(sqrt((Beam_Load(i,3)/(1000^2)/37.16*400))))*Live_Load_Perce
ntage+(1-Live_Load_Percentage); 
if Beam_Load(i,4)==1  % Supporting one member 
 
if reduce <0.5 
          reduce =0.5;  
elseif reduce>1 
          reduce =1; 
          reduce_Live_Percentage=1; 
end 
elseif Beam_Load(i,4)==2 %supporting two member 
if reduce <0.4 
          reduce =0.4;  
elseif reduce>1 
          reduce =1; 
          reduce_Live_Percentage=1; 
end 
end 
    Beam_Load(i,5)=reduce; 
    Beam_Load(i,12)=reduce_Live_Percentage; 
end 
end 
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Appendix B - Initial Geometric Imperfections 
B.1 Cross-section sizes used in I-Section sway frames subjected to 
point loads 
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Figure B1: Cross-section sizes for I-section sway frames  
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B.2 Cross-section sizes used in HSS sway frames subjected to 
point loads 
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Figure B2: Cross-section sizes for HSS sway frames 
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B.3 Cross-section sizes used in hinge joint I-section braced frames 
 
 
BF1 
 
BF2 
Braces: L200×200×13 
Braces: L200×200×16 
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BF4 
Braces: L300×300×10 
Braces: L300×300×10 
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Braces: L300×300×16 
Braces: L200×200×26 
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BF7 
Figure B3: Member cross-sections for hinge joint I-section braced frames 
B.4 Member cross-section used in rigid joint I-section braced 
frames 
  
BF1 
Braces: L300×300×26 
Braces: L200×200×16 
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BF3 
Braces: L300×300×10 
Braces: L300×300×10 
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BF5 
Braces: L300×300×16 
Braces: L300×300×10 
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Figure B4: Member cross-sections for rigid joint I-section braced frames 
 
Braces: L200×200×26 
Braces: L300×300×26 
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B.5 Cross-section sizes for hinge joint HSS braced frames 
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Braces: L200×200×26 
Braces: L200×200×13 
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Braces: L300×300×10 
Braces: L300×300×10 
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BF6 
Braces: L200×200×13 
Braces: L200×200×13 
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Figure B5: Cross-section sizes for HSS braced frames 
 
Braces: L200×200×26 
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B.6 Cross-section sizes for rigid joint HSS braced frames 
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Braces: L200×200×13 
Braces: L200×200×13 
Appendix B - Initial Geometric Imperfections
 
346 
 
 
BF3 
 
BF4 
Braces: L300×300×10 
Braces: L300×300×10 
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Braces: L300×300×16 
Braces: L200×200×13 
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BF7 
Figure B6: Cross-section sizes for rigid joint HSS braced frames 
 
B.7 Selected histograms of frame ultimate load factor 
B.7.1 Selected histograms of ultimate load factors for I-section sway frames  
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SF8 
Figure B7: Histograms of the ultimate load factor of the I-section sway frames subjected to point loads 
 
B.7.2 Selected histograms of ultimate load factor for HSS sway frames  
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Figure B8: Histograms of the ultimate load factor for HSS sway frames subjected to point loads 
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Appendix C - Modelling of Residual Stress for Cold-
Formed Hollow Steel Section Frames 
C.1 Frame configuration and member sizes 
 
Frame 1 
 
Frame 2 
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Frame 7 
 
Frame 8 
 
Figure C1: Cross-section sizes 
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C.2 Probabilistic modelling of longitudinal bending residual stress 
for HSS frame using advanced analysis 
C.2.1 Histogram of the ultimate of HSS frames considering randomness in 
Young's modulus, yield stress and longitudinal bending residual stress 
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Figure C2: Histograms of the ultimate load factor of the HSS frame considering randomness in 
Young's modulus, yield stress and longitudinal bending residual stress 
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C.2.2 Histogram of the ultimate of HSS frames considering randomness in 
longitudinal bending residual stress only 
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Figure C3: Histograms of the ultimate load factor of the HSS frame considering randomness 
in longitudinal bending residual stress 
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Figure D1: Sample frame 
 
D.1 Cross-section sizes for sensitivity analysis 
Table D1: Cross-section sizes of HSS frame for sensitivity analysis 
Failure 
Mode 
Members Section 
Failure 
Mode 
Members Section 
BFY-CFY 
BX1-1 RHS300×200×8 
Sway- 
CPY 
BX1-1 RHS350×250×12.5 
BX1-2 RHS300×200×8 BX1-2 RHS350×250×12.5 
BX2-1 RHS300×200×8 BX2-1 RHS350×250×12.5 
BX2-2 RHS300×200×8 BX2-2 RHS350×250×12.5 
BX3-1 RHS300×200×8 BX3-1 RHS350×250×12.5 
BX3-2 RHS300×200×8 BX3-2 RHS350×250×12.5 
BZ1-1 RHS300×200×8 BZ1-1 RHS350×250×12.5 
BZ1-2 RHS300×200×8 BZ1-2 RHS350×250×12.5 
BZ2-1 RHS300×200×8 BZ2-1 RHS350×250×12.5 
BZ2-2 RHS300×200×8 BZ2-2 RHS350×250×12.5 
BZ3-1 RHS300×200×8 BZ3-1 RHS350×250×12.5 
BZ3-2 RHS300×200×8 BZ3-2 RHS350×250×12.5 
C1-1 SHS250×250×10 C1-1 SHS150×150×8.0 
C1-2 SHS250×250×10 C1-2 SHS150×150×8.0 
C1-3 SHS250×250×10 C1-3 SHS150×150×8.0 
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C1-4 SHS250×250×10 C1-4 SHS150×150×8.0 
C2-1 SHS250×250×10 C2-1 SHS150×150×8.0 
C2-2 SHS250×250×10 C2-2 SHS150×150×8.0 
C2-3 SHS250×250×10 C2-3 SHS150×150×8.0 
C2-4 SHS250×250×10 C2-4 SHS150×150×8.0 
C3-1 SHS250×250×10 C3-1 SHS150×150×8.0 
C3-2 SHS250×250×10 C3-2 SHS150×150×8.0 
C3-3 SHS250×250×10 C3-3 SHS150×150×8.0 
C3-4 SHS250×250×10 C3-4 SHS150×150×8.0 
 
Table D2: Cross-section sizes of I-section frame for sensitivity analysis 
Failure 
mode 
Members Section 
Failure 
Mode 
Members Section 
BFTB 
BPY 
CPY 
BX1-1 360UB56.7 
Sway- 
CPY 
BX1-1 610UB113 
BX1-2 360UB56.7 BX1-2 610UB113 
BX2-1 360UB56.7 BX2-1 610UB113 
BX2-2 360UB56.7 BX2-2 610UB113 
BX3-1 360UB56.7 BX3-1 610UB113 
BX3-2 360UB56.7 BX3-2 610UB113 
BZ1-1 610UB125 BZ1-1 610UB125 
BZ1-2 610UB125 BZ1-2 610UB125 
BZ2-1 610UB125 BZ2-1 610UB125 
BZ2-2 610UB125 BZ2-2 610UB125 
BZ3-1 610UB125 BZ3-1 610UB125 
BZ3-2 610UB125 BZ3-2 610UB125 
C1-1 310UC158 C1-1 200UC46.2 
C1-2 310UC158 C1-2 200UC46.2 
C1-3 310UC158 C1-3 200UC46.2 
C1-4 310UC158 C1-4 200UC46.2 
C2-1 310UC158 C2-1 200UC46.2 
C2-2 310UC158 C2-2 200UC46.2 
C2-3 310UC158 C2-3 200UC46.2 
C2-4 310UC158 C2-4 200UC46.2 
C3-1 310UC158 C3-1 200UC46.2 
C3-2 310UC158 C3-2 200UC46.2 
C3-3 310UC158 C3-3 200UC46.2 
C3-4 310UC158 C3-4 200UC46.2 
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D.2 Frame section sizes for the gravity load combination 
Table D3: System-based design for Sway Frame 2 under gravity loads using Method 1 
φsystem Members Section λm COV λn Rm/Rn 
1.01  
BX1-1 460UB82.1 
1.005 0.071 0.99 1.015 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB74.6 
BZ1-2 460UB74.6 
BZ2-1 460UB74.6 
BZ2-2 460UB74.6 
BZ3-1 460UB74.6 
BZ3-2 460UB74.6 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
C2-1 200UC46.2 
C2-2 200UC46.2 
C2-3 200UC46.2 
C2-4 200UC46.2 
C3-1 200UC46.2 
C3-2 200UC46.2 
C3-3 200UC46.2 
C3-4 200UC46.2 
φsystem Members Section λm COV λn Rm/Rn 
0.833  
BX1-1 460UB82.1 
1.228 0.069 1.200 1.023 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB74.6 
BZ1-2 460UB74.6 
BZ2-1 460UB74.6 
BZ2-2 460UB74.6 
BZ3-1 460UB74.6 
BZ3-2 460UB74.6 
C1-1 250UC72.9 
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C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
φsystem Members Section λm COV λn Rm/Rn 
0.775 
BX1-1 460UB82.1 
1.325 0.071 1.29 1.027 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB74.6 
BZ1-2 460UB74.6 
BZ2-1 460UB74.6 
BZ2-2 460UB74.6 
BZ3-1 460UB74.6 
BZ3-2 460UB74.6 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
φsystem Members Section λm COV λn Rm/Rn 
0.699  
BX1-1 460UB82.1 
1.464 0.069 1.43 1.024 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
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BZ1-1 460UB74.6 
BZ1-2 460UB74.6 
BZ2-1 460UB74.6 
BZ2-2 460UB74.6 
BZ3-1 460UB74.6 
BZ3-2 460UB74.6 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
φsystem Members Section λm COV λn Rm/Rn 
0.637  
BX1-1 460UB82.1 
1.616 0.070 1.57 1.029 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB74.6 
BZ1-2 460UB74.6 
BZ2-1 460UB74.6 
BZ2-2 460UB74.6 
BZ3-1 460UB74.6 
BZ3-2 460UB74.6 
C1-1 310UC118 
C1-2 310UC118 
C1-3 310UC118 
C1-4 310UC118 
C2-1 310UC118 
C2-2 310UC118 
C2-3 310UC118 
C2-4 310UC118 
C3-1 310UC118 
C3-2 310UC118 
C3-3 310UC118 
C3-4 310UC118 
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D.3 Frame section sizes for the gravity plus wind load 
combination using Method 1 
Table D4: System-based design of Sway Frame 2 under gravity load plus Wind Load Case 1 
using Method 1, Wn/(Dn+Ln)=0.05, CFY 
φsystem Members Section λm COV λlateral Rm/Rn 
0.621  
BX1-1 410UB82.1 
2.952 0.123 1.610 1.833 
BX1-2 410UB82.1 
BX2-1 410UB82.1 
BX2-2 410UB82.1 
BX3-1 410UB82.1 
BX3-2 410UB82.1 
BZ1-1 410UB82.1 
BZ1-2 410UB82.1 
BZ2-1 410UB82.1 
BZ2-2 410UB82.1 
BZ3-1 410UB82.1 
BZ3-2 410UB82.1 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
C2-1 200UC46.2 
C2-2 200UC46.2 
C2-3 200UC46.2 
C2-4 200UC46.2 
C3-1 200UC46.2 
C3-2 200UC46.2 
C3-3 200UC46.2 
C3-4 200UC46.2 
φsystem Members Section λm COV λlateral Rm/Rn 
0.580 
0.123 1.610 
3.077 0.116 1.724 1.785 
BX1-2 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
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BZ3-1 610UB125 
BZ3-2 610UB125 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
C2-1 200UC46.2 
C2-2 200UC46.2 
C2-3 200UC46.2 
C2-4 200UC46.2 
C3-1 200UC46.2 
C3-2 200UC46.2 
C3-3 200UC46.2 
C3-4 200UC46.2 
φsystem Members Section λm COV λlateral Rm/Rn 
0.529 
BX1-1 410UB59.7 
3.449 0.121 1.891 1.824 
BX1-2 410UB59.7 
BX2-1 410UB59.7 
BX2-2 410UB59.7 
BX3-1 410UB59.7 
BX3-2 410UB59.7 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 410UB59.7 
BZ3-1 410UB59.7 
BZ3-2 410UB59.7 
C1-1 200UC52.2 
C1-2 200UC52.2 
C1-3 200UC52.2 
C1-4 200UC52.2 
C2-1 200UC52.2 
C2-2 200UC52.2 
C2-3 200UC52.2 
C2-4 200UC52.2 
C3-1 200UC52.2 
C3-2 200UC52.2 
C3-3 200UC52.2 
C3-4 200UC52.2 
φsystem Members Section λm COV λlateral Rm/Rn 
 
0.498 
BX1-1 610UB125 
3.576  0.121  2.008 1.781  BX1-2 610UB125 
BX2-1 610UB125 
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BX2-2 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BZ1-1 200UC52.2 
BZ1-2 200UC52.2 
BZ2-1 200UC52.2 
BZ2-2 200UC52.2 
BZ3-1 200UC52.2 
BZ3-2 200UC52.2 
C1-1 200UC52.2 
C1-2 200UC52.2 
C1-3 200UC52.2 
C1-4 200UC52.2 
C2-1 200UC52.2 
C2-2 200UC52.2 
C2-3 200UC52.2 
C2-4 200UC52.2 
C3-1 200UC52.2 
C3-2 200UC52.2 
C3-3 200UC52.2 
C3-4 200UC52.2 
 
Table D5: System-based design of Sway Frame 2 under gravity load plus Wind Load Case 1 
using Method 1, Wn/(Dn+Ln)=0.10, CFY 
φsystem Members Section λm COV λlateral Rm/Rn 
0.875 
BX1-1 460UB82.1 
2.044 0.116 1.143 1.788 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 200UC59.5 
C1-2 200UC59.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
C2-1 200UC59.5 
C2-2 200UC59.5 
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C2-3 200UC59.5 
C2-4 200UC59.5 
C3-1 200UC59.5 
C3-2 200UC59.5 
C3-3 200UC59.5 
C3-4 200UC59.5 
φsystem Members Section λm COV λlateral Rm/Rn 
0.849  
BX1-1 610UB125 
2.073 0.113 1.178 1.760 
BX1-2 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
φsystem Members Section λm COV λlateral Rm/Rn 
0.529  
BX1-1 610UB125 
3.266 0.108 1.892 1.726 
BX1-2 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BZ1-1 250UC72.9 
BZ1-2 250UC72.9 
BZ2-1 250UC72.9 
BZ2-2 250UC72.9 
BZ3-1 250UC72.9 
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BZ3-2 250UC72.9 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
φsystem Members Section λm COV λlateral Rm/Rn 
0.438 
BX1-1 410UB59.7 
4.018 0.112 2.282 1.761 
BX1-2 410UB59.7 
BX2-1 410UB59.7 
BX2-2 410UB59.7 
BX3-1 410UB59.7 
BX3-2 410UB59.7 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 410UB59.7 
BZ3-1 410UB59.7 
BZ3-2 410UB59.7 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
 
Table D6: System-based design of Sway Frame 2 under gravity load plus Wind Load Case 1 
using Method 1, Wn/(Dn+Ln)=0.15, CFY 
φsystem Members Section λm COV λlateral Rm/Rn 
0.814 BX1-1 460UB82.1 2.156 0.120 1.229 1.754 
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BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 250UC52.2 
C1-2 250UC52.2 
C1-3 250UC52.2 
C1-4 250UC52.2 
C2-1 250UC52.2 
C2-2 250UC52.2 
C2-3 250UC52.2 
C2-4 250UC52.2 
C3-1 250UC52.2 
C3-2 250UC52.2 
C3-3 250UC52.2 
C3-4 250UC52.2 
φsystem Members Section λm COV λlateral Rm/Rn 
0.794 
BX1-1 610UB125 
2.176 0.114 1.260 1.727 
BX1-2 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
C1-1 250UC52.2 
C1-2 250UC52.2 
C1-3 250UC52.2 
C1-4 250UC52.2 
C2-1 250UC52.2 
C2-2 250UC52.2 
C2-3 250UC52.2 
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C2-4 250UC52.2 
C3-1 250UC52.2 
C3-2 250UC52.2 
C3-3 250UC52.2 
C3-4 250UC52.2 
φsystem Members Section λm COV λlateral Rm/Rn 
0.644  
BX1-1 460UB82.1 
2.694 0.108 1.553 1.735 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 250UC59.5 
C1-2 250UC59.5 
C1-3 250UC59.5 
C1-4 250UC59.5 
C2-1 250UC59.5 
C2-2 250UC59.5 
C2-3 250UC59.5 
C2-4 250UC59.5 
C3-1 250UC59.5 
C3-2 250UC59.5 
C3-3 250UC59.5 
C3-4 250UC59.5 
φsystem Members Section λm COV λlateral Rm/Rn 
0.503 
BX1-1 460UB74.6 
3.461 0.120 1.990 1.739 
BX1-2 460UB74.6 
BX2-1 460UB74.6 
BX2-2 460UB74.6 
BX3-1 460UB74.6 
BX3-2 460UB74.6 
BZ1-1 460UB74.6 
BZ1-2 460UB74.6 
BZ2-1 460UB74.6 
BZ2-2 460UB74.6 
BZ3-1 460UB74.6 
BZ3-2 460UB74.6 
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C1-1 310UC96.8 
C1-2 310UC96.8 
C1-3 310UC96.8 
C1-4 310UC96.8 
C2-1 310UC96.8 
C2-2 310UC96.8 
C2-3 310UC96.8 
C2-4 310UC96.8 
C3-1 310UC96.8 
C3-2 310UC96.8 
C3-3 310UC96.8 
C3-4 310UC96.8 
 
Table D7: System-based design of Sway Frame 2 under gravity load plus Wind Load Case 1 
using Method 1, Wn/(Dn+Ln)=0.25, CFY 
φsystem Members Section λm COV λlateral Rm/Rn 
0.835  
BX1-1 460UB82.1 
2.058 0.112 1.197 1.719 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 310UC96.8 
C1-2 310UC96.8 
C1-3 310UC96.8 
C1-4 310UC96.8 
C2-1 310UC96.8 
C2-2 310UC96.8 
C2-3 310UC96.8 
C2-4 310UC96.8 
C3-1 310UC96.8 
C3-2 310UC96.8 
C3-3 310UC96.8 
C3-4 310UC96.8 
φsystem Members Section λm COV λlateral Rm/Rn 
0.672 
BX1-1 460UB82.1 
2.558 0.107 1.487 1.720 
BX1-2 460UB82.1 
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BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 310UC118 
C1-2 310UC118 
C1-3 310UC118 
C1-4 310UC118 
C2-1 310UC118 
C2-2 310UC118 
C2-3 310UC118 
C2-4 310UC118 
C3-1 310UC118 
C3-2 310UC118 
C3-3 310UC118 
C3-4 310UC118 
φsystem Members Section λm COV λlateral Rm/Rn 
0.569 
BX1-1 460UB82.1 
3.032 0.108 1.758 1.725 
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 310UC137 
C1-2 310UC137 
C1-3 310UC137 
C1-4 310UC137 
C2-1 310UC137 
C2-2 310UC137 
C2-3 310UC137 
C2-4 310UC137 
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C3-1 310UC137 
C3-2 310UC137 
C3-3 310UC137 
C3-4 310UC137 
φsystem Members Section λm COV λlateral Rm/Rn 
0.488  
BX1-1 460UB67.1 
3.537 0.108 2.051 1.725 
BX1-2 460UB67.1 
BX2-1 460UB67.1 
BX2-2 460UB67.1 
BX3-1 460UB67.1 
BX3-2 460UB67.1 
BZ1-1 310UC158 
BZ1-2 310UC158 
BZ2-1 310UC158 
BZ2-2 310UC158 
BZ3-1 310UC158 
BZ3-2 310UC158 
C1-1 310UC158 
C1-2 310UC158 
C1-3 310UC158 
C1-4 310UC158 
C2-1 310UC158 
C2-2 310UC158 
C2-3 310UC158 
C2-4 310UC158 
C3-1 310UC158 
C3-2 310UC158 
C3-3 310UC158 
C3-4 310UC158 
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D.4 Frame section sizes for the gravity plus wind load 
combination using Method 2 
 
  
(a)3D view (b) Side view 
Figure D2: Loading for Sway Frame 2 
 
Table D8: System-based design of Sway Frame 2 under gravity load plus Wind Load Case 1 
using Method 2 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.840 49.280  25.805  2.206 0.124 1.190 1.854 
0.797 47.520  24.883  2.305 0.125 1.255 1.837 
0.756 45.760  23.962  2.376 0.125 1.322 1.797 
0.718 44.000  23.040  2.511 0.112 1.393 1.803 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.841 27.720  29.030  2.081 0.118 1.189 1.750 
0.807 26.400  27.648  2.196 0.118 1.239 1.772 
0.740 24.640  25.805  2.356 0.117 1.351 1.744 
0.695 23.320  24.422  2.490 0.119 1.439 1.730 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.873 19.800  31.104  2.002 0.115 1.146 1.747 
0.811 18.480  29.030  2.137 0.117 1.234 1.732 
Wn 
2Wn 
2Wn 2Wn 
2Wn 
Wn 
Gn 
Gn 
Gn 
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0.775 17.600  27.648  2.250 0.116 1.291 1.743 
0.709 16.280  25.574  2.456 0.111 1.411 1.741 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.813 11.440  29.952  2.131 0.118 1.229 1.734 
0.784 11.000  28.800  2.216 0.119 1.276 1.737 
0.753 10.560  27.648  2.321 0.125 1.328 1.748 
0.685 9.680  25.344  2.533 0.134 1.459 1.736 
 
Table D9: Section sizes for Sway Frame 2 
Sway Frame 2 
Members Section 
BX1-1 530UB92.4 
BX1-2 530UB92.4 
BX2-1 530UB92.4 
BX2-2 530UB92.4 
BX3-1 530UB92.4 
BX3-2 530UB92.4 
BZ1-1 530UB92.4 
BZ1-2 530UB92.4 
BZ2-1 530UB92.4 
BZ2-2 530UB92.4 
BZ3-1 530UB92.4 
BZ3-2 530UB92.4 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
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D.5 Matlab script for deriving system resistance factor 
D.5.1 Main function 
% Input for calculating reliability index using Force Method 
clc  
clear  
Phi=[1;0.95;0.9;0.85;0.8;0.75;0.7;0.65;0.6];                                                 
k=0; 
Pf={}; 
Beta_Phi={}; 
Prob=[]; 
stage1=[]; 
Nominal_Value=1; 
 
load_ratio=[0.5;1;1.5;2;3;5];               
 
 
for i =1 :size(load_ratio,1)                                                
for j=1:size(Phi,1)                                                    
%           end 
            Mean_to_Nominal=1.04; 
            cov=0.0975; 
 
           
Fail=reliability(1/Phi(j)*Mean_to_Nominal,cov*(1/Phi(j)*Mean_to_Nominal),1/Phi(j),Phi(j),
load_ratio(i));  
 
           Pf{i,j}=(Fail); 
           fclose all; 
end 
 
end 
 
 
for i=1:size(Pf,1)                                                        
for j=1:size(Pf,2)                                                    
       Prob=-1*norminv(Pf{i,j}(size(Pf{i,j},1))); 
       stage=[Phi(j),Prob]; 
       stage1=[stage1;stage]; 
 
end 
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   Beta_Phi{i}=stage1; 
   stage1=[]; 
end 
 
 
for i =1:6 
plot(Beta_Phi{i}(:,1),Beta_Phi{i}(:,2)) 
hold on 
end 
 
 
save ('Frame_Relibility.mat') 
 
D.5.2 Sub function 
%This Program is produced to obtain reliabitiy index 
%Define Limit State Equation 
%Phi Rn = 1.2G+1.6Q 
function Pf=reliability(MeanR,StdR,Rn,Phi,Live_to_Dead) 
 
MeanDead=1.05; 
StdDead=0.1*MeanDead; 
 
MeanLive=1; 
StdLive=0.25*MeanLive; 
 
Pf=Importance(Phi,MeanDead,StdDead/MeanDead,MeanLive,StdLive/MeanLive,MeanR,Std
R/MeanR,Live_to_Dead,Rn); 
 
end 
 
D.5.3 Sub function 
function data=Importance(factor,Mean_Z,Var_Z,Mean_M,Var_M,Mean_Fy,Var_Fy,ratio,Rn) 
 
Group_Pf=[];data=[]; 
%design_point=[]; 
list=[]; 
check=-1; 
 
 
%%%%%% Given Mean and Standard Deviation 
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Std_Z=Mean_Z*Var_Z; 
Std_Fy=Mean_Fy*Var_Fy; 
Std_M=Mean_M*Var_M; 
 
%%%%%% Choose appropritate variance 
 
D_Std_Z=1*Std_Z; 
D_Std_Fy=1*Std_Fy; 
D_Std_M=1*Std_M; 
 
%%%%%starting point 
Z_start=Mean_Z; 
Fy_start=Mean_Fy; 
M_start=Mean_M; 
 
%%%%%%%%%%%% 
 
Gmax=800000000000000000000000000000000000000000000000000000000000000000000
00000000000000000000000000000000000; 
fx_final=-80000000000000000000000000000000; 
total_loop=500;% change to 500 
sample_size=80; 
iteration=1; 
 
for x=1:total_loop 
for l=1:iteration 
 
k=0;m=0;sum=0;fx=0; 
for i=1:sample_size 
%%%%%%% random generate number 
    Z=normrnd (Z_start, D_Std_Z,1,1); 
    Fy=Lognormal (0, Fy_start,D_Std_Fy/Fy_start,1); 
    M=Extreme (0, M_start,D_Std_M/M_start,1); 
 
    G=Fy/Rn*((1.2+1.6*(ratio))/factor)-Z-M*ratio; 
 
if G<0 
       G_indicator=1; 
elseif G>0 
       G_indicator=0; 
end 
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if G<0 
        k=k+1; 
        fx_Z=normpdf(Z,Mean_Z,Std_Z); 
        fx_Fy=Lognormal(Fy,Mean_Fy,Std_Fy/Mean_Fy,2); 
fx_M=Extreme(M,Mean_M,Std_M/Mean_M,2); 
        fx_tot=fx_Z*fx_Fy*fx_M; 
 
        hv_Z=normpdf(Z,Z_start,D_Std_Z); 
        hv_Fy=Lognormal(Fy,Fy_start,D_Std_Fy/Fy_start,2); 
        hv_M=Extreme(M,M_start,D_Std_M/M_start,2); 
        hv_tot=hv_Z*hv_Fy*hv_M; 
 
        Pf=G_indicator*fx_tot/hv_tot; 
        sum=sum+Pf; 
 
%%%count if fx_tot larger than previous largest fx 
 
if fx_tot>fx_final 
            fx_final=fx_tot; 
            Z_star=Z; 
            Fy_star=Fy; 
            M_star=M; 
end 
elseif G>0 
 
if G< Gmax 
            Gmax=G; 
            Z_starstar=Z; 
            Fy_starstar=Fy; 
            M_starstar=M; 
end 
end 
 
end 
Group_Pf=[Group_Pf;(sum/sample_size)]; 
 
if k==0 
         Z_start=Z_starstar; 
         Fy_start=Fy_starstar; 
         M_start=M_starstar; 
elseif k>0 
if fx_final>1.02*check 
             m=m+1; 
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             check=fx_tot; 
             Z_start=Z_star; 
             Fy_start=Fy_star; 
             M_start=M_star; 
end 
design_point=[Z_start,Fy_start,M_start]; 
list=[design_point;list];    
end 
 
end 
 
data=[data;mean(Group_Pf)]; 
end 
 
plot(data); 
end 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
387 
 
Appendix E - System-based design criteria for I-
section steel frames 
E.1 Frame member label 
 
Sway Frame 1 
 
Sway Frame 2 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
388 
 
 
Sway Frame 3 
 
 
Sway Frame 4 
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Sway Frame 5 
 
Sway Frame 6 
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'  
Sway Frame 7 
 
Sway Frame 8 
Figure E1: Memeber Label 
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E.2 System-based design of I-section sway frames under 
gravity load using Method 2 
Table E1: I-section Sway Frame 1 under gravity loads  
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB-BPY-CPY 
BX1-1 460UB82.1 
1.048  0.097 1.038  1.009  
BX1-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
C1-1 200UC58.5 
C1-2 200UC58.5 
C1-3 200UC58.5 
C1-4 200UC58.5 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 610UB125 
1.577  0.101 1.575  1.001  
BX1-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
C1-1 150UC23.4 
C1-2 150UC23.4 
C1-3 150UC23.4 
C1-4 150UC23.4 
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 310UB40.4 
1.115  0.118 1.078  1.035  
BX1-2 310UB40.4 
BZ1-1 310UB40.4 
BZ1-2 310UB40.4 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 310UB40.4 
1.433  0.116 1.351  1.061  
BX1-2 310UB40.4 
BZ1-1 310UB40.4 
BZ1-2 310UB40.4 
C1-1 310UC137 
C1-2 310UC137 
C1-3 310UC137 
C1-4 310UC137 
Failure Mode Members Section λm COV λn Rm/Rn 
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SWAY-CPY 
BX1-1 610UB125 
1.643  0.116 1.577  1.042  
BX1-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
C1-1 150UC23.4 
C1-2 150UC23.4 
C1-3 150UC23.4 
C1-4 150UC23.4 
 
Table E2: I-section Sway Frame 2 under gravity loads  
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB-BPY 
-CPY 
BX1-1 610UB125 
1.629  0.089 1.623  1.004   
BX1-2 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 460UB82.1 
0.574  0.132  0.545  1.053  
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
393 
 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 150UC23.4 
C1-2 150UC23.4 
C1-3 150UC23.4 
C1-4 150UC23.4 
C2-1 150UC23.4 
C2-2 150UC23.4 
C2-3 150UC23.4 
C2-4 150UC23.4 
C3-1 150UC23.4 
C3-2 150UC23.4 
C3-3 150UC23.4 
C3-4 150UC23.4 
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 460UB82.1 
2.540  0.112 2.351  1.080  
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
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BFY-CFY 
BX1-1 460UB82.1 
2.660  0.113 2.445  1.088  
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 460UB82.1 
0.575  0.136 0.543 1.059   
BX1-2 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
C1-1 150UC23.4 
C1-2 150UC23.4 
C1-3 150UC23.4 
C1-4 150UC23.4 
C2-1 150UC23.4 
C2-2 150UC23.4 
C2-3 150UC23.4 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
395 
 
C2-4 150UC23.4 
C3-1 150UC23.4 
C3-2 150UC23.4 
C3-3 150UC23.4 
C3-4 150UC23.4 
 
Table E3: I-section Sway Frame 3 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB-BPY- 
CPY 
BX1-1 310UB46.2 
1.168  0.089 1.140  1.025  
BX1-2 460UB82.1 
BX1-3 310UB46.2 
BX1-4 460UB82.1 
BX2-1 460UB82.1 
BX2-2 310UB46.2 
BX2-3 310UB46.2 
BX2-4 460UB82.1 
BZ1-1 310UB46.2 
BZ1-2 310UB46.2 
BZ1-3 310UB46.2 
BZ2-1 310UB46.2 
BZ2-2 310UB46.2 
BZ2-3 310UB46.2 
C1-1 200UC46.2 
C1-2 250UC72.9 
C1-3 150UC73.2 
C1-4 200UC46.2 
C1-5 250UC72.9 
C1-6 150UC73.2 
C2-1 200UC46.2 
C2-2 250UC72.9 
C2-3 150UC73.2 
C2-4 200UC46.2 
C2-5 250UC72.9 
C2-6 150UC37.2 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY- 
CPY 
BX1-1 410UB59.7 
0.928  0.109 0.956  0.971  
BX1-2 460UB82.1 
BX1-3 410UB59.7 
BX1-4 460UB82.1 
BX2-1 410UB59.7 
BX2-2 460UB82.1 
BX2-3 410UB59.7 
BX2-4 460UB82.1 
BZ1-1 410UB59.7 
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BZ1-2 460UB82.1 
BZ1-3 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 460UB82.1 
BZ2-3 410UB59.7 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 200UB25.4 
1.078  0.116 1.018  1.059  
BX1-2 250UB37.3 
BX1-3 200UB25.4 
BX1-4 250UB37.3 
BX2-1 200UB25.4 
BX2-2 250UB37.3 
BX2-3 200UB25.4 
BX2-4 250UB37.3 
BZ1-1 200UB25.4 
BZ1-2 250UB37.3 
BZ1-3 200UB25.4 
BZ2-1 200UB25.4 
BZ2-2 250UB37.3 
BZ2-3 200UB25.4 
C1-1 250UC72.9 
C1-2 250UC89.5 
C1-3 200UC59.5 
C1-4 250UC72.9 
C1-5 250UC89.5 
C1-6 200UC59.5 
C2-1 250UC72.9 
C2-2 250UC89.5 
C2-3 200UC59.5 
C2-4 250UC72.9 
C2-5 250UC89.5 
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C2-6 200UC59.5 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 200UB25.4 
1.134  0.123 1.013  1.119    
BX1-2 250UB37.3 
BX1-3 200UB25.4 
BX1-4 250UB37.3 
BX2-1 200UB25.4 
BX2-2 250UB37.3 
BX2-3 200UB25.4 
BX2-4 250UB37.3 
BZ1-1 200UB25.4 
BZ1-2 250UB37.3 
BZ1-3 200UB25.4 
BZ2-1 200UB25.4 
BZ2-2 250UB37.3 
BZ2-3 200UB25.4 
C1-1 250UC72.9 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC72.9 
C1-5 250UC89.5 
C1-6 250UC89.5 
C2-1 250UC72.9 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC72.9 
C2-5 250UC89.5 
C2-6 250UC89.5 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 460UB46.1 
0.931   0.107 0.946  0.984  
BX1-2 530UB82.0 
BX1-3 460UB46.1 
BX1-4 530UB82.0 
BX2-1 460UB46.1 
BX2-2 530UB82.0 
BX2-3 460UB46.1 
BX2-4 530UB82.0 
BZ1-1 460UB46.1 
BZ1-2 530UB82.0 
BZ1-3 460UB46.1 
BZ2-1 460UB46.1 
BZ2-2 530UB82.0 
BZ2-3 460UB46.1 
C1-1 150UC37.2 
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C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
 
Table E4: I-section Sway Frame 4 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB-BPY-CPY 
BX1-1 310UB32.0 
1.505  0.092 1.500  1.003  
BX1-2 310UB32.0 
BX1-3 310UB32.0 
BX1-4 310UB32.0 
BX2-1 310UB32.0 
BX2-2 310UB32.0 
BX2-3 310UB32.0 
BX2-4 310UB32.0 
BX3-1 310UB32.0 
BX3-2 310UB32.0 
BX3-3 310UB32.0 
BX3-4 310UB32.0 
BZ1-1 250UB37.3 
BZ1-2 460UB.1 
BZ1-3 250UB37.3 
BZ2-1 250UB37.3 
BZ2-2 460UB.1 
BZ2-3 250UB37.3 
BZ3-1 250UB37.3 
BZ3-2 460UB.1 
BZ3-3 250UB37.3 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C1-5 250UC72.9 
C1-6 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
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C2-4 250UC72.9 
C2-5 250UC72.9 
C2-6 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C3-5 250UC72.9 
C3-6 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 460UB82.1 
1.143  0.0103 1.176  0.972  
BX1-2 460UB82.1 
BX1-3 460UB82.1 
BX1-4 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX2-3 460UB82.1 
BX2-4 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BX3-3 460UB82.1 
BX3-4 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 530UB92.4 
BZ1-3 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 530UB92.4 
BZ2-3 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 530UB92.4 
BZ3-3 460UB82.1 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
C3-1 150UC37.2 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
400 
 
C3-2 150UC37.2 
C3-3 150UC37.2 
C3-4 150UC37.2 
C3-5 150UC37.2 
C3-6 150UC37.2 
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 310UB32.0 
2.059  0.114 1.942  1.060  
BX1-2 310UB32.0 
BX1-3 310UB32.0 
BX1-4 310UB32.0 
BX2-1 310UB32.0 
BX2-2 310UB32.0 
BX2-3 310UB32.0 
BX2-4 310UB32.0 
BX3-1 310UB32.0 
BX3-2 310UB32.0 
BX3-3 310UB32.0 
BX3-4 310UB32.0 
BZ1-1 310UB32.0 
BZ1-2 460UB67.1 
BZ1-3 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 460UB67.1 
BZ2-3 310UB32.0 
BZ3-1 310UB32.0 
BZ3-2 460UB67.1 
BZ3-3 310UB32.0 
C1-1 200UC46.2 
C1-2 310UC118 
C1-3 200UC46.2 
C1-4 200UC46.2 
C1-5 310UC118 
C1-6 200UC46.2 
C2-1 200UC46.2 
C2-2 310UC118 
C2-3 200UC46.2 
C2-4 200UC46.2 
C2-5 310UC118 
C2-6 200UC46.2 
C3-1 200UC46.2 
C3-2 310UC118 
C3-3 200UC46.2 
C3-4 200UC46.2 
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C3-5 310UC118 
C3-6 200UC46.2 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 250UB25.7 
1.451  0.101 1.416  1.024  
BX1-2 250UB25.7 
BX1-3 250UB25.7 
BX1-4 250UB25.7 
BX2-1 250UB25.7 
BX2-2 250UB25.7 
BX2-3 250UB25.7 
BX2-4 250UB25.7 
BX3-1 250UB25.7 
BX3-2 250UB25.7 
BX3-3 250UB25.7 
BX3-4 250UB25.7 
BZ1-1 250UB37.3 
BZ1-2 460UB67.1 
BZ1-3 250UB37.3 
BZ2-1 250UB37.3 
BZ2-2 460UB67.1 
BZ2-3 250UB37.3 
BZ3-1 250UB37.3 
BZ3-2 460UB67.1 
BZ3-3 250UB37.3 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
C1-5 200UC46.2 
C1-6 200UC46.2 
C2-1 200UC46.2 
C2-2 200UC46.2 
C2-3 200UC46.2 
C2-4 200UC46.2 
C2-5 200UC46.2 
C2-6 200UC46.2 
C3-1 200UC46.2 
C3-2 200UC46.2 
C3-3 200UC46.2 
C3-4 200UC46.2 
C3-5 200UC46.2 
C3-6 200UC46.2 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY BX1-1 460UB82.1 1.143  0.103 1.177 0.971  
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BX1-2 460UB82.1 
BX1-3 460UB82.1 
BX1-4 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX2-3 460UB82.1 
BX2-4 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BX3-3 460UB82.1 
BX3-4 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 530UB92.4 
BZ1-3 460UB82.1 
BZ2-1 460UB82.1 
BZ2-2 530UB92.4 
BZ2-3 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 530UB92.4 
BZ3-3 460UB82.1 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
C3-1 150UC37.2 
C3-2 150UC37.2 
C3-3 150UC37.2 
C3-4 150UC37.2 
C3-5 150UC37.2 
C3-6 150UC37.2 
 
Table E5: I-section Sway Frame 5 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB-BPY 
CPY 
BX1-1 460UB67.1 
1.210  0.089 1.213 0.998  BX1-2 460UB67.1 
BX1-3 460UB67.1 
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BX1-4 460UB67.1 
BX2-1 460UB67.1 
BX2-2 460UB67.1 
BX2-3 460UB67.1 
BX2-4 460UB67.1 
BX3-1 460UB67.1 
BX3-2 460UB67.1 
BX3-3 460UB67.1 
BX3-4 460UB67.1 
BX4-1 460UB67.1 
BX4-2 460UB67.1 
BX5-1 460UB67.1 
BX5-2 460UB67.1 
BX6-1 460UB67.1 
BX6-2 460UB67.1 
BZ1-1 410UB53.7 
BZ1-2 460UB82.1 
BZ1-3 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 460UB82.1 
BZ2-3 410UB53.7 
BZ3-1 410UB53.7 
BZ3-2 460UB82.1 
BZ3-3 410UB53.7 
BZ4-1 410UB53.7 
BZ4-2 460UB82.1 
BZ5-1 410UB53.7 
BZ5-2 460UB82.1 
BZ6-1 410UB53.7 
BZ6-2 460UB82.1 
C1-1 310UC96.8 
C1-2 310UC96.8 
C1-3 310UC96.8 
C1-4 310UC96.8 
C1-5 310UC96.8 
C1-6 310UC96.8 
C2-1 310UC96.8 
C2-2 310UC96.8 
C2-3 310UC96.8 
C2-4 310UC96.8 
C2-5 310UC96.8 
C2-6 310UC96.8 
C3-1 310UC96.8 
C3-2 310UC96.8 
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C3-3 310UC96.8 
C3-4 310UC96.8 
C3-5 310UC96.8 
C3-6 310UC96.8 
C4-1 310UC96.8 
C4-2 310UC96.8 
C4-3 310UC96.8 
C4-4 310UC96.8 
C5-1 310UC96.8 
C5-2 310UC96.8 
C5-3 310UC96.8 
C5-4 310UC96.8 
C6-1 310UC96.8 
C6-2 310UC96.8 
C6-3 310UC96.8 
C6-4 310UC96.8 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY 
CPY 
BX1-1 610UB101 
1.151  0.106 1.106  1.041  
BX1-2 610UB101 
BX1-3 610UB101 
BX1-4 610UB101 
BX2-1 610UB101 
BX2-2 610UB101 
BX2-3 610UB101 
BX2-4 610UB101 
BX3-1 610UB101 
BX3-2 610UB101 
BX3-3 610UB101 
BX3-4 610UB101 
BX4-1 610UB101 
BX4-2 610UB101 
BX5-1 610UB101 
BX5-2 610UB101 
BX6-1 610UB101 
BX6-2 610UB101 
BZ1-1 610UB101 
BZ1-2 610UB125 
BZ1-3 610UB101 
BZ2-1 610UB101 
BZ2-2 610UB125 
BZ2-3 610UB101 
BZ3-1 610UB101 
BZ3-2 610UB125 
BZ3-3 610UB101 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
405 
 
BZ4-1 610UB101 
BZ4-2 460UB82.1 
BZ5-1 610UB101 
BZ5-2 460UB82.1 
BZ6-1 610UB101 
BZ6-2 460UB82.1 
C1-1 200UC59.5 
C1-2 250UC72.9 
C1-3 250UC52.2 
C1-4 200UC59.5 
C1-5 250UC72.9 
C1-6 250UC52.2 
C2-1 200UC59.5 
C2-2 250UC72.9 
C2-3 250UC52.2 
C2-4 200UC59.5 
C2-5 250UC72.9 
C2-6 250UC52.2 
C3-1 200UC59.5 
C3-2 250UC72.9 
C3-3 250UC52.2 
C3-4 200UC59.5 
C3-5 250UC72.9 
C3-6 250UC52.2 
C4-1 200UC59.5 
C4-2 250UC52.2 
C4-3 200UC59.5 
C4-4 250UC52.2 
C5-1 200UC59.5 
C5-2 250UC52.2 
C5-3 200UC59.5 
C5-4 250UC52.2 
C6-1 200UC59.5 
C6-2 250UC52.2 
C6-3 200UC59.5 
C6-4 250UC52.2 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 310UB46.2 
1.371  0.108 1.275  1.075  
BX1-2 310UB46.2 
BX1-3 310UB46.2 
BX1-4 310UB46.2 
BX2-1 310UB46.2 
BX2-2 310UB46.2 
BX2-3 310UB46.2 
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BX2-4 310UB46.2 
BX3-1 310UB46.2 
BX3-2 310UB46.2 
BX3-3 310UB46.2 
BX3-4 310UB46.2 
BX4-1 310UB46.2 
BX4-2 310UB46.2 
BX5-1 310UB46.2 
BX5-2 310UB46.2 
BX6-1 310UB46.2 
BX6-2 310UB46.2 
BZ1-1 310UB46.2 
BZ1-2 460UB67.1 
BZ1-3 310UB46.2 
BZ2-1 310UB46.2 
BZ2-2 460UB67.1 
BZ2-3 310UB46.2 
BZ3-1 310UB46.2 
BZ3-2 460UB67.1 
BZ3-3 310UB46.2 
BZ4-1 310UB46.2 
BZ4-2 310UB46.2 
BZ5-1 310UB46.2 
BZ5-2 310UB46.2 
BZ6-1 310UB46.2 
BZ6-2 310UB46.2 
C1-1 250UC72.9 
C1-2 310UC118 
C1-3 310UC96.8 
C1-4 250UC72.9 
C1-5 310UC118 
C1-6 310UC96.8 
C2-1 250UC72.9 
C2-2 310UC118 
C2-3 310UC96.8 
C2-4 250UC72.9 
C2-5 310UC118 
C2-6 310UC96.8 
C3-1 250UC72.9 
C3-2 310UC118 
C3-3 310UC96.8 
C3-4 250UC72.9 
C3-5 310UC118 
C3-6 310UC96.8 
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C4-1 250UC72.9 
C4-2 310UC118 
C4-3 250UC72.9 
C4-4 310UC118 
C5-1 250UC72.9 
C5-2 310UC118 
C5-3 250UC72.9 
C5-4 310UC118 
C6-1 250UC72.9 
C6-2 310UC118 
C6-3 250UC72.9 
C6-4 310UC118 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 360UB44.7 
1.153  0.114 1.127  1.023  
BX1-2 360UB44.7 
BX1-3 360UB44.7 
BX1-4 360UB44.7 
BX2-1 360UB44.7 
BX2-2 360UB44.7 
BX2-3 360UB44.7 
BX2-4 360UB44.7 
BX3-1 360UB44.7 
BX3-2 360UB44.7 
BX3-3 360UB44.7 
BX3-4 360UB44.7 
BX4-1 360UB44.7 
BX4-2 360UB44.7 
BX5-1 360UB44.7 
BX5-2 360UB44.7 
BX6-1 360UB44.7 
BX6-2 360UB44.7 
BZ1-1 360UB44.7 
BZ1-2 460UB67.1 
BZ1-3 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 460UB67.1 
BZ2-3 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 460UB67.1 
BZ3-3 360UB44.7 
BZ4-1 360UB44.7 
BZ4-2 360UB44.7 
BZ5-1 360UB44.7 
BZ5-2 360UB44.7 
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BZ6-1 360UB44.7 
BZ6-2 360UB44.7 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C1-5 250UC72.9 
C1-6 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C2-5 250UC72.9 
C2-6 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C3-5 250UC72.9 
C3-6 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
C5-1 250UC72.9 
C5-2 250UC72.9 
C5-3 250UC72.9 
C5-4 250UC72.9 
C6-1 250UC72.9 
C6-2 250UC72.9 
C6-3 250UC72.9 
C6-4 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 610UB101 
1.161   0.104 1.106  1.049   
BX1-2 610UB101 
BX1-3 610UB101 
BX1-4 610UB101 
BX2-1 610UB101 
BX2-2 610UB101 
BX2-3 610UB101 
BX2-4 610UB101 
BX3-1 610UB101 
BX3-2 610UB101 
BX3-3 610UB101 
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BX3-4 610UB101 
BX4-1 610UB101 
BX4-2 610UB101 
BX5-1 610UB101 
BX5-2 610UB101 
BX6-1 610UB101 
BX6-2 610UB101 
BZ1-1 610UB101 
BZ1-2 610UB125 
BZ1-3 610UB101 
BZ2-1 610UB101 
BZ2-2 610UB125 
BZ2-3 610UB101 
BZ3-1 610UB101 
BZ3-2 610UB125 
BZ3-3 610UB101 
BZ4-1 610UB101 
BZ4-2 460UB82.1 
BZ5-1 610UB101 
BZ5-2 460UB82.1 
BZ6-1 610UB101 
BZ6-2 460UB82.1 
C1-1 200UC59.5 
C1-2 250UC72.9 
C1-3 200UC52.2 
C1-4 200UC59.5 
C1-5 250UC72.9 
C1-6 200UC52.2 
C2-1 200UC59.5 
C2-2 250UC72.9 
C2-3 200UC52.2 
C2-4 200UC59.5 
C2-5 250UC72.9 
C2-6 200UC52.2 
C3-1 200UC59.5 
C3-2 250UC72.9 
C3-3 200UC52.2 
C3-4 200UC59.5 
C3-5 250UC72.9 
C3-6 200UC52.2 
C4-1 200UC59.5 
C4-2 200UC52.2 
C4-3 200UC59.5 
C4-4 200UC52.2 
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C5-1 200UC59.5 
C5-2 200UC52.2 
C5-3 200UC59.5 
C5-4 200UC52.2 
C6-1 200UC59.5 
C6-2 200UC52.2 
C6-3 200UC59.5 
C6-4 200UC52.2 
 
Table E6: I-section Sway Frame 6 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB- 
BPY- 
CPY 
BX1-1 530UB82.0 
1.185   0.091 1.213   0.977   
BX1-2 530UB82.0 
BX1-3 460UB82.1 
BX1-4 460UB82.1 
BX1-5 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX2-3 460UB82.1 
BX2-4 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BX4-1 460UB82.1 
BX4-2 460UB82.1 
BZ1-1 460UB82.1 
BZ1-2 530UB82.0 
BZ1-3 530UB82.0 
BZ1-4 460UB82.1 
BZ1-5 530UB82.0 
BZ2-1 460UB82.1 
BZ2-2 530UB82.0 
BZ2-3 460UB82.1 
BZ3-1 460UB82.1 
BZ3-2 460UB82.1 
BZ4-1 460UB82.1 
BZ4-2 460UB82.1 
C1-1 250UB89.1 
C1-2 250UB89.1 
C1-3 250UB89.1 
C1-4 250UB89.1 
C1-5 250UB89.1 
C1-6 250UB89.1 
C1-7 250UB89.1 
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C1-8 250UB89.1 
C2-1 250UB89.1 
C2-2 250UB89.1 
C2-3 250UB89.1 
C2-4 250UB89.1 
C2-5 250UB89.1 
C2-6 250UB89.1 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY 
CPY 
BX1-1 610UB125 
1.274  0.109 1.207   1.056   
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX1-5 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BX4-1 610UB125 
BX4-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ1-3 610UB125 
BZ1-4 610UB125 
BZ1-5 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
BZ4-1 610UB125 
BZ4-2 610UB125 
C1-1 200UC59.5 
C1-2 200UC59.5 
C1-3 200UC59.5 
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C1-4 200UC59.5 
C1-5 200UC59.5 
C1-6 200UC59.5 
C1-7 200UC59.5 
C1-8 200UC59.5 
C2-1 200UC59.5 
C2-2 200UC59.5 
C2-3 200UC59.5 
C2-4 200UC59.5 
C2-5 200UC59.5 
C2-6 200UC59.5 
C3-1 200UC59.5 
C3-2 200UC59.5 
C3-3 200UC59.5 
C3-4 200UC59.5 
C4-1 200UC59.5 
C4-2 200UC59.5 
C4-3 200UC59.5 
C4-4 200UC59.5 
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 310UB32.0 
0.946   0.117 0.893   1.059   
BX1-2 410UB59.7 
BX1-3 310UB40.4 
BX1-4 310UB40.4 
BX1-5 310UB40.4 
BX2-1 310UB40.4 
BX2-2 310UB32.0 
BX2-3 310UB40.4 
BX2-4 310UB32.0 
BX3-1 310UB40.4 
BX3-2 310UB40.4 
BX4-1 310UB32.0 
BX4-2 310UB32.0 
BZ1-1 310UB40.4 
BZ1-2 410UB59.7 
BZ1-3 310UB32.0 
BZ1-4 310UB40.4 
BZ1-5 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 410UB59.7 
BZ2-3 310UB40.4 
BZ3-1 310UB40.4 
BZ3-2 310UB40.4 
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BZ4-1 310UB32.0 
BZ4-2 310UB32.0 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 310UC137 
C1-5 250UC89.5 
C1-6 250UC89.5 
C1-7 250UC89.5 
C1-8 250UC89.5 
C2-1 250UC89.5 
C2-2 310UC137 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 310UB40.4 
1.218   0.117 1.139  1.069   
BX1-2 410UB59.7 
BX1-3 310UB40.4 
BX1-4 310UB40.4 
BX1-5 310UB40.4 
BX2-1 310UB40.4 
BX2-2 310UB40.4 
BX2-3 310UB40.4 
BX2-4 310UB40.4 
BX3-1 310UB40.4 
BX3-2 310UB40.4 
BX4-1 310UB40.4 
BX4-2 310UB40.4 
BZ1-1 310UB40.4 
BZ1-2 410UB59.7 
BZ1-3 310UB40.4 
BZ1-4 310UB40.4 
BZ1-5 310UB40.4 
BZ2-1 310UB40.4 
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BZ2-2 410UB59.7 
BZ2-3 310UB40.4 
BZ3-1 310UB40.4 
BZ3-2 310UB40.4 
BZ4-1 310UB40.4 
BZ4-2 310UB40.4 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 310UC137 
C1-5 250UC89.5 
C1-6 250UC89.5 
C1-7 250UC89.5 
C1-8 250UC89.5 
C2-1 250UC89.5 
C2-2 310UC137 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
C4-1 250UC89.5 
C4-2 250UC89.5 
C4-3 250UC89.5 
C4-4 250UC89.5 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 610UB125 
1.274    0.109 1.213 1.051   
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX1-5 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BX4-1 610UB125 
BX4-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
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BZ1-3 610UB125 
BZ1-4 610UB125 
BZ1-5 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
BZ4-1 610UB125 
BZ4-2 610UB125 
C1-1 200UC59.5 
C1-2 200UC59.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
C1-5 200UC59.5 
C1-6 200UC59.5 
C1-7 200UC59.5 
C1-8 200UC59.5 
C2-1 200UC59.5 
C2-2 200UC59.5 
C2-3 200UC59.5 
C2-4 200UC59.5 
C2-5 200UC59.5 
C2-6 200UC59.5 
C3-1 200UC59.5 
C3-2 200UC59.5 
C3-3 200UC59.5 
C3-4 200UC59.5 
C4-1 200UC59.5 
C4-2 200UC59.5 
C4-3 200UC59.5 
C4-4 200UC59.5 
 
Table E7: I-section Sway Frame 7 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB- 
BPY- 
CPY 
BX1-1 360UB50.7 
1.297  0.088 1.312  0.988  
BX1-2 410UB53.7 
BX1-3 410UB53.7 
BX1-4 360UB50.7 
BX1-5 360UB50.7 
BX1-6 360UB50.7 
BX1-7 360UB50.7 
BX1-8 360UB50.7 
BX1-9 360UB50.7 
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BX2-1 360UB50.7 
BX2-2 360UB50.7 
BX2-3 360UB50.7 
BX2-4 360UB50.7 
BX2-5 360UB50.7 
BX2-6 360UB50.7 
BX2-7 360UB50.7 
BX3-1 360UB50.7 
BX3-2 360UB50.7 
BX3-3 360UB50.7 
BX3-4 360UB50.7 
BX3-5 360UB50.7 
BX3-6 360UB50.7 
BX3-7 360UB50.7 
BZ1-1 360UB50.7 
BZ1-2 360UB50.7 
BZ1-3 360UB50.7 
BZ1-4 360UB50.7 
BZ1-5 360UB50.7 
BZ1-6 360UB50.7 
BZ1-7 360UB50.7 
BZ1-8 360UB50.7 
BZ2-1 360UB50.7 
BZ2-2 360UB50.7 
BZ2-3 360UB50.7 
BZ2-4 360UB50.7 
BZ2-5 360UB50.7 
BZ2-6 360UB50.7 
BZ3-1 360UB50.7 
BZ3-2 360UB50.7 
BZ3-3 360UB50.7 
BZ3-4 360UB50.7 
BZ3-5 360UB50.7 
BZ3-6 360UB50.7 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
 
C1-5 200UC59.5 
    
 
C1-6 200UC59.5 
    
 
C1-7 200UC59.5 
    
 
C1-8 200UC59.5 
    
 
C1-9 200UC46.2 
    
 
C1-10 200UC46.2 
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C1-11 200UC46.2 
    
 
C1-12 200UC46.2 
    
 
C2-1 200UC46.2 
    
 
C2-2 200UC46.2 
    
 
C2-3 200UC59.5 
    
 
C2-4 200UC59.5 
    
 
C2-5 200UC59.5 
    
 
C2-6 200UC59.5 
    
 
C2-7 200UC46.2 
    
 
C2-8 200UC46.2 
    
 
C2-9 200UC46.2 
    
 
C2-10 200UC46.2 
    
 
C3-1 200UC46.2 
    
 
C3-2 200UC46.2 
    
 
C3-3 200UC59.5 
    
 
C3-4 200UC59.5 
    
 
C3-5 200UC59.5 
    
 
C3-6 200UC59.5 
    
 
C3-7 200UC46.2 
    
 
C3-8 200UC46.2 
    
 
C3-9 200UC46.2 
    
 
C3-10 200UC46.2 
    
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY- 
CPY 
BX1-1 530UB92.4 
1.513 0.106 1.529 0.99 
BX1-2 530UB92.4 
BX1-3 530UB92.4 
BX1-4 530UB92.4 
BX1-5 530UB92.4 
BX1-6 530UB92.4 
BX1-7 530UB92.4 
BX1-8 530UB92.4 
BX1-9 530UB92.4 
BX2-1 530UB92.4 
BX2-2 530UB92.4 
BX2-3 530UB92.4 
BX2-4 530UB92.4 
BX2-5 530UB92.4 
BX2-6 530UB92.4 
BX2-7 530UB92.4 
BX3-1 530UB92.4 
BX3-2 530UB92.4 
BX3-3 530UB92.4 
BX3-4 530UB92.4 
BX3-5 530UB92.4 
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BX3-6 530UB92.4 
BX3-7 530UB92.4 
BZ1-1 530UB92.4 
BZ1-2 530UB92.4 
BZ1-3 530UB92.4 
BZ1-4 530UB92.4 
BZ1-5 530UB92.4 
BZ1-6 530UB92.4 
BZ1-7 530UB92.4 
BZ1-8 530UB92.4 
BZ2-1 530UB92.4 
BZ2-2 530UB92.4 
BZ2-3 530UB92.4 
BZ2-4 530UB92.4 
BZ2-5 530UB92.4 
BZ2-6 530UB92.4 
BZ3-1 530UB92.4 
BZ3-2 530UB92.4 
BZ3-3 530UB92.4 
BZ3-4 530UB92.4 
BZ3-5 530UB92.4 
BZ3-6 530UB92.4 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
 
C1-5 200UC59.5 
   
 
C1-6 200UC59.5 
   
 
C1-7 200UC59.5 
   
 
C1-8 200UC59.5 
   
 
C1-9 200UC46.2 
   
 
C1-10 200UC46.2 
   
 
C1-11 200UC46.2 
   
 
C1-12 200UC46.2 
   
 
C2-1 200UC46.2 
   
 
C2-2 200UC46.2 
   
 
C2-3 200UC59.5 
   
 
C2-4 200UC59.5 
   
 
C2-5 200UC59.5 
   
 
C2-6 200UC59.5 
   
 
C2-7 200UC46.2 
   
 
C2-8 200UC46.2 
   
 
C2-9 200UC46.2 
   
 
C2-10 200UC46.2 
   
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
419 
 
 
C3-1 200UC46.2 
   
 
C3-2 200UC46.2 
   
 
C3-3 200UC59.5 
   
 
C3-4 200UC59.5 
   
 
C3-5 200UC59.5 
   
 
C3-6 200UC59.5 
   
 
C3-7 200UC46.2 
   
 
C3-8 200UC46.2 
   
 
C3-9 200UC46.2 
   
 
C3-10 200UC46.2 
   
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 250UB25.7 
1.385  0.110 1.321   1.049  
BX1-2 250UB25.7 
BX1-3 250UB25.7 
BX1-4 410UB53.7 
BX1-5 410UB53.7 
BX1-6 410UB53.7 
BX1-7 250UB25.7 
BX1-8 250UB25.7 
BX1-9 250UB25.7 
BX2-1 250UB25.7 
BX2-2 410UB53.7 
BX2-3 250UB25.7 
BX2-4 250UB25.7 
BX2-5 250UB25.7 
BX2-6 250UB25.7 
BX2-7 250UB25.7 
BX3-1 250UB25.7 
BX3-2 410UB53.7 
BX3-3 250UB25.7 
BX3-4 250UB25.7 
BX3-5 250UB25.7 
BX3-6 250UB25.7 
BX3-7 250UB25.7 
BZ1-1 250UB25.7 
BZ1-2 410UB53.7 
BZ1-3 410UB53.7 
BZ1-4 250UB25.7 
BZ1-5 250UB25.7 
BZ1-6 410UB53.7 
BZ1-7 410UB53.7 
BZ1-8 250UB25.7 
BZ2-1 250UB25.7 
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BZ2-2 250UB25.7 
BZ2-3 250UB25.7 
BZ2-4 410UB53.7 
BZ2-5 410UB53.7 
BZ2-6 250UB25.7 
BZ3-1 250UB25.7 
BZ3-2 250UB25.7 
BZ3-3 250UB25.7 
BZ3-4 410UB53.7 
BZ3-5 410UB53.7 
BZ3-6 250UB25.7 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
 
C1-5 200UC59.5 
    
 
C1-6 200UC59.5 
    
 
C1-7 200UC59.5 
    
 
C1-8 200UC59.5 
    
 
C1-9 200UC46.2 
    
 
C1-10 200UC46.2 
    
 
C1-11 200UC46.2 
    
 
C1-12 200UC46.2 
    
 
C2-1 200UC46.2 
    
 
C2-2 200UC46.2 
    
 
C2-3 200UC59.5 
    
 
C2-4 200UC59.5 
    
 
C2-5 200UC59.5 
    
 
C2-6 200UC59.5 
    
 
C2-7 200UC46.2 
    
 
C2-8 200UC46.2 
    
 
C2-9 200UC46.2 
    
 
C2-10 200UC46.2 
    
 
C3-1 200UC46.2 
    
 
C3-2 200UC46.2 
    
 
C3-3 200UC59.5 
    
 
C3-4 200UC59.5 
    
 
C3-5 200UC59.5 
    
 
C3-6 200UC59.5 
    
 
C3-7 200UC46.2 
    
 
C3-8 200UC46.2 
    
 
C3-9 200UC46.2 
    
 
C3-10 200UC46.2 
    
Failure Mode Members Section λm COV λn Rm/Rn 
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BFY-CPY 
BX1-1 250UB25.7 
1.257   0.110 1.206   1.042  
BX1-2 250UB25.7 
BX1-3 250UB25.7 
BX1-4 310UB40.4 
BX1-5 310UB40.4 
BX1-6 310UB40.4 
BX1-7 250UB25.7 
BX1-8 250UB25.7 
BX1-9 250UB25.7 
BX2-1 250UB25.7 
BX2-2 310UB40.4 
BX2-3 250UB25.7 
BX2-4 250UB25.7 
BX2-5 250UB25.7 
BX2-6 250UB25.7 
BX2-7 250UB25.7 
BX3-1 250UB25.7 
BX3-2 310UB40.4 
BX3-3 250UB25.7 
BX3-4 250UB25.7 
BX3-5 250UB25.7 
BX3-6 250UB25.7 
BX3-7 250UB25.7 
BZ1-1 250UB25.7 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ1-4 250UB25.7 
BZ1-5 250UB25.7 
BZ1-6 310UB40.4 
BZ1-7 310UB40.4 
BZ1-8 250UB25.7 
BZ2-1 250UB25.7 
BZ2-2 250UB25.7 
BZ2-3 250UB25.7 
BZ2-4 310UB40.4 
BZ2-5 310UB40.4 
BZ2-6 250UB25.7 
BZ3-1 250UB25.7 
BZ3-2 250UB25.7 
BZ3-3 250UB25.7 
BZ3-4 310UB40.4 
BZ3-5 310UB40.4 
BZ3-6 250UB25.7 
C1-1 200UC46.2 
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C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
 
C1-5 200UC46.2 
    
 
C1-6 200UC46.2 
    
 
C1-7 200UC46.2 
    
 
C1-8 200UC46.2 
    
 
C1-9 200UC46.2 
    
 
C1-10 200UC46.2 
    
 
C1-11 200UC46.2 
    
 
C1-12 200UC46.2 
    
 
C2-1 200UC46.2 
    
 
C2-2 200UC46.2 
    
 
C2-3 200UC46.2 
    
 
C2-4 200UC46.2 
    
 
C2-5 200UC46.2 
    
 
C2-6 200UC46.2 
    
 
C2-7 200UC46.2 
    
 
C2-8 200UC46.2 
    
 
C2-9 200UC46.2 
    
 
C2-10 200UC46.2 
    
 
C3-1 200UC46.2 
    
 
C3-2 200UC46.2 
    
 
C3-3 200UC46.2 
    
 
C3-4 200UC46.2 
    
 
C3-5 200UC46.2 
    
 
C3-6 200UC46.2 
    
 
C3-7 200UC46.2 
    
 
C3-8 200UC46.2 
    
 
C3-9 200UC46.2 
    
 
C3-10 200UC46.2 
    
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 410UB53.7 
1.580    0.111 1.513 1.044  
BX1-2 410UB53.7 
BX1-3 410UB53.7 
BX1-4 410UB53.7 
BX1-5 410UB53.7 
BX1-6 410UB53.7 
BX1-7 410UB53.7 
BX1-8 410UB53.7 
BX1-9 410UB53.7 
BX2-1 410UB53.7 
BX2-2 410UB53.7 
BX2-3 410UB53.7 
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BX2-4 410UB53.7 
BX2-5 410UB53.7 
BX2-6 410UB53.7 
BX2-7 410UB53.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX3-3 410UB53.7 
BX3-4 410UB53.7 
BX3-5 410UB53.7 
BX3-6 410UB53.7 
BX3-7 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 410UB53.7 
BZ1-3 410UB53.7 
BZ1-4 410UB53.7 
BZ1-5 410UB53.7 
BZ1-6 410UB53.7 
BZ1-7 410UB53.7 
BZ1-8 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 410UB53.7 
BZ2-3 410UB53.7 
BZ2-4 410UB53.7 
BZ2-5 410UB53.7 
BZ2-6 410UB53.7 
BZ3-1 410UB53.7 
BZ3-2 410UB53.7 
BZ3-3 410UB53.7 
BZ3-4 410UB53.7 
BZ3-5 410UB53.7 
BZ3-6 410UB53.7 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 200UC46.2 
C1-4 200UC46.2 
 
C1-5 200UC59.5 
    
 
C1-6 200UC59.5 
    
 
C1-7 200UC59.5 
    
 
C1-8 200UC59.5 
    
 
C1-9 200UC46.2 
    
 
C1-10 200UC46.2 
    
 
C1-11 200UC46.2 
    
 
C1-12 200UC46.2 
    
 
C2-1 200UC46.2 
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C2-2 200UC46.2 
    
 
C2-3 200UC59.5 
    
 
C2-4 200UC59.5 
    
 
C2-5 200UC59.5 
    
 
C2-6 200UC59.5 
    
 
C2-7 200UC46.2 
    
 
C2-8 200UC46.2 
    
 
C2-9 200UC46.2 
    
 
C2-10 200UC46.2 
    
 
C3-1 200UC46.2 
    
 
C3-2 200UC46.2 
    
 
C3-3 200UC59.5 
    
 
C3-4 200UC59.5 
    
 
C3-5 200UC59.5 
    
 
C3-6 200UC59.5 
    
 
C3-7 200UC46.2 
    
 
C3-8 200UC46.2 
    
 
C3-9 200UC46.2 
    
 
C3-10 200UC46.2 
    
 
Table E8 I-section Sway Frame 8 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY- 
CPY 
BX1-1 360UB56.7 
0.893   0.099 0.902   0.991   
BX1-2 360UB56.7 
BX1-3 360UB56.7 
BX1-4 360UB56.7 
BX1-5 360UB56.7 
BX1-6 310UB32.0 
BX1-7 360UB56.7 
BX2-1 360UB56.7 
BX2-2 360UB56.7 
BX2-3 360UB56.7 
BX2-4 360UB56.7 
BX2-5 360UB56.7 
BX2-6 310UB32.0 
BX2-7 360UB56.7 
BX3-1 360UB56.7 
BX3-2 360UB56.7 
BX3-3 360UB56.7 
BX3-4 360UB56.7 
BX3-5 360UB56.7 
BX3-6 310UB32.0 
BX3-7 360UB56.7 
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BX4-1 360UB56.7 
BX4-2 360UB56.7 
BX4-3 360UB56.7 
BX4-4 360UB56.7 
BX4-5 360UB56.7 
BX4-6 310UB32.0 
BX4-7 360UB56.7 
BX5-1 360UB56.7 
BX5-2 360UB56.7 
BX5-3 360UB56.7 
BX5-4 360UB56.7 
BX5-5 360UB56.7 
BX5-6 310UB32.0 
BX5-7 360UB56.7 
BX6-1 360UB56.7 
BX6-2 360UB56.7 
BX6-3 360UB56.7 
BX6-4 360UB56.7 
BX6-5 360UB56.7 
BX6-6 310UB32.0 
BX6-7 360UB56.7 
BZ1-1 250UB37.3 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ1-4 250UB37.3 
BZ1-5 250UB37.3 
BZ1-6 250UB37.3 
    
BZ2-1 250UB37.3 
    
BZ2-2 310UB40.4 
    
BZ2-3 310UB40.4 
    
BZ2-4 250UB37.3 
    
BZ2-5 250UB37.3 
    
BZ2-6 250UB37.3 
    
BZ3-1 250UB37.3 
    
BZ3-2 310UB40.4 
    
BZ3-3 310UB40.4 
    
BZ3-4 250UB37.3 
    
BZ3-5 250UB37.3 
    
BZ3-6 250UB37.3 
    
BZ4-1 250UB37.3 
    
BZ4-2 310UB40.4 
    
BZ4-3 310UB40.4 
    
BZ4-4 250UB37.3 
    
BZ4-5 250UB37.3 
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BZ4-6 250UB37.3 
    
BZ5-1 250UB37.3 
    
BZ5-2 310UB40.4 
    
BZ5-3 310UB40.4 
    
BZ5-4 250UB37.3 
    
BZ5-5 250UB37.3 
    
BZ5-6 250UB37.3 
    
BZ6-1 250UB37.3 
    
BZ6-2 310UB40.4 
    
BZ6-3 310UB40.4 
    
BZ6-4 250UB37.3 
    
BZ6-5 250UB37.3 
    
BZ6-6 250UB37.3 
    
C1-1 250UC89.5 
    
C1-2 250UC89.5 
    
C1-3 250UC89.5 
    
C1-4 250UC89.5 
    
C1-5 310UC137 
    
C1-6 310UC137 
    
C1-7 310UC137 
    
C1-8 310UC137 
    
C1-9 250UC89.5 
    
C1-10 250UC89.5 
    
C2-1 250UC89.5 
    
C2-2 250UC89.5 
    
C2-3 250UC89.5 
    
C2-4 250UC89.5 
    
C2-5 310UC137 
    
C2-6 310UC137 
    
C2-7 310UC137 
    
C2-8 310UC137 
    
C2-9 250UC89.5 
    
C2-10 250UC89.5 
    
C3-1 250UC89.5 
    
C3-2 250UC89.5 
    
C3-3 250UC89.5 
    
C3-4 250UC89.5 
    
C3-5 310UC137 
    
C3-6 310UC137 
    
C3-7 310UC137 
    
C3-8 310UC137 
    
C3-9 250UC89.5 
    
C3-10 250UC89.5 
    
C4-1 250UC89.5 
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C4-2 250UC89.5 
    
C4-3 250UC89.5 
    
C4-4 250UC89.5 
    
C4-5 310UC137 
    
C4-6 310UC137 
    
C4-7 310UC137 
    
C4-8 310UC137 
    
C4-9 250UC89.5 
    
C4-10 250UC89.5 
    
C5-1 250UC89.5 
    
C5-2 250UC89.5 
    
C5-3 250UC89.5 
    
C5-4 250UC89.5 
    
C5-5 310UC137 
    
C5-6 310UC137 
    
C5-7 310UC137 
    
C5-8 310UC137 
    
C5-9 250UC89.5 
    
C5-10 250UC89.5 
    
C6-1 250UC89.5 
    
C6-2 250UC89.5 
    
C6-3 250UC89.5 
    
C6-4 250UC89.5 
    
C6-5 310UC137 
    
C6-6 310UC137 
    
C6-7 310UC137 
    
C6-8 310UC137 
    
C6-9 250UC89.5 
    
C6-10 250UC89.5 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
SWAY- 
CPY 
BX1-1 360UB56.7 
1.554   0.112 1.462  1.063   
BX1-2 360UB56.7 
BX1-3 360UB56.7 
BX1-4 360UB56.7 
BX1-5 360UB56.7 
BX1-6 310UB40.0 
BX1-7 360UB56.7 
BX2-1 360UB56.7 
BX2-2 360UB56.7 
BX2-3 360UB56.7 
BX2-4 360UB56.7 
BX2-5 360UB56.7 
BX2-6 310UB40.0 
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BX2-7 360UB56.7 
BX3-1 360UB56.7 
BX3-2 360UB56.7 
BX3-3 360UB56.7 
BX3-4 360UB56.7 
BX3-5 360UB56.7 
BX3-6 310UB40.0 
BX3-7 360UB56.7 
BX4-1 360UB56.7 
BX4-2 360UB56.7 
BX4-3 360UB56.7 
BX4-4 360UB56.7 
BX4-5 360UB56.7 
BX4-6 310UB40.0 
BX4-7 360UB56.7 
BX5-1 360UB56.7 
BX5-2 360UB56.7 
BX5-3 360UB56.7 
BX5-4 360UB56.7 
BX5-5 360UB56.7 
BX5-6 310UB40.0 
BX5-7 360UB56.7 
BX6-1 360UB56.7 
BX6-2 360UB56.7 
BX6-3 360UB56.7 
BX6-4 360UB56.7 
BX6-5 360UB56.7 
BX6-6 310UB40.0 
BX6-7 360UB56.7 
BZ1-1 250UB37.3 
BZ1-2 460UB74.6 
BZ1-3 460UB74.6 
BZ1-4 250UB37.3 
BZ1-5 250UB37.3 
 
BZ1-6 250UB37.3 
    
 
BZ2-1 250UB37.3 
    
 
BZ2-2 460UB74.6 
    
 
BZ2-3 460UB74.6 
    
 
BZ2-4 250UB37.3 
    
 
BZ2-5 250UB37.3 
    
 
BZ2-6 250UB37.3 
    
 
BZ3-1 250UB37.3 
    
 
BZ3-2 460UB74.6 
    
 
BZ3-3 460UB74.6 
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BZ3-4 250UB37.3 
    
 
BZ3-5 250UB37.3 
    
 
BZ3-6 250UB37.3 
    
 
BZ4-1 250UB37.3 
    
 
BZ4-2 460UB74.6 
    
 
BZ4-3 460UB74.6 
    
 
BZ4-4 250UB37.3 
    
 
BZ4-5 250UB37.3 
    
 
BZ4-6 250UB37.3 
    
 
BZ5-1 250UB37.3 
    
 
BZ5-2 460UB74.6 
    
 
BZ5-3 460UB74.6 
    
 
BZ5-4 250UB37.3 
    
 
BZ5-5 250UB37.3 
    
 
BZ5-6 250UB37.3 
    
 
BZ6-1 250UB37.3 
    
 
BZ6-2 460UB74.6 
    
 
BZ6-3 460UB74.6 
    
 
BZ6-4 250UB37.3 
    
 
BZ6-5 250UB37.3 
    
 
BZ6-6 250UB37.3 
    
 
C1-1 250UC89.5 
    
 
C1-2 250UC89.5 
    
 
C1-3 250UC89.5 
    
 
C1-4 250UC89.5 
    
 
C1-5 250UC89.5 
    
 
C1-6 250UC89.5 
    
 
C1-7 250UC89.5 
    
 
C1-8 250UC89.5 
    
 
C1-9 250UC89.5 
    
 
C1-10 250UC89.5 
    
 
C2-1 250UC89.5 
    
 
C2-2 250UC89.5 
    
 
C2-3 250UC89.5 
    
 
C2-4 250UC89.5 
    
 
C2-5 250UC89.5 
    
 
C2-6 250UC89.5 
    
 
C2-7 250UC89.5 
    
 
C2-8 250UC89.5 
    
 
C2-9 250UC89.5 
    
 
C2-10 250UC89.5 
    
 
C3-1 250UC89.5 
    
 
C3-2 250UC89.5 
    
 
C3-3 250UC89.5 
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C3-4 250UC89.5 
    
 
C3-5 250UC89.5 
    
 
C3-6 250UC89.5 
    
 
C3-7 250UC89.5 
    
 
C3-8 250UC89.5 
    
 
C3-9 250UC89.5 
    
 
C3-10 250UC89.5 
    
 
C4-1 250UC89.5 
    
 
C4-2 250UC89.5 
    
 
C4-3 250UC89.5 
    
 
C4-4 250UC89.5 
    
 
C4-5 250UC89.5 
    
 
C4-6 250UC89.5 
    
 
C4-7 250UC89.5 
    
 
C4-8 250UC89.5 
    
 
C4-9 250UC89.5 
    
 
C4-10 250UC89.5 
    
 
C5-1 250UC89.5 
    
 
C5-2 250UC89.5 
    
 
C5-3 250UC89.5 
    
 
C5-4 250UC89.5 
    
 
C5-5 250UC89.5 
    
 
C5-6 250UC89.5 
    
 
C5-7 250UC89.5 
    
 
C5-8 250UC89.5 
    
 
C5-9 250UC89.5 
    
 
C5-10 250UC89.5 
    
 
C6-1 250UC89.5 
    
 
C6-2 250UC89.5 
    
 
C6-3 250UC89.5 
    
 
C6-4 250UC89.5 
    
 
C6-5 250UC89.5 
    
 
C6-6 250UC89.5 
    
 
C6-7 250UC89.5 
    
 
C6-8 250UC89.5 
    
 
C6-9 250UC89.5 
    
 
C6-10 250UC89.5 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 360UB56.7 
1.912   0.111 1.795  1.065    
BX1-2 360UB56.7 
BX1-3 360UB56.7 
BX1-4 360UB56.7 
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BX1-5 360UB56.7 
BX1-6 310UB46.7 
BX1-7 360UB56.7 
BX2-1 360UB56.7 
BX2-2 360UB56.7 
BX2-3 360UB56.7 
BX2-4 360UB56.7 
BX2-5 360UB56.7 
BX2-6 310UB46.7 
BX2-7 360UB56.7 
BX3-1 360UB56.7 
BX3-2 360UB56.7 
BX3-3 360UB56.7 
BX3-4 360UB56.7 
BX3-5 360UB56.7 
BX3-6 310UB46.7 
BX3-7 360UB56.7 
BX4-1 360UB56.7 
BX4-2 360UB56.7 
BX4-3 360UB56.7 
BX4-4 360UB56.7 
BX4-5 360UB56.7 
BX4-6 310UB46.7 
BX4-7 360UB56.7 
BX5-1 360UB56.7 
BX5-2 360UB56.7 
BX5-3 360UB56.7 
BX5-4 360UB56.7 
BX5-5 360UB56.7 
BX5-6 250UB37.3 
BX5-7 360UB56.7 
BX6-1 360UB56.7 
BX6-2 360UB56.7 
BX6-3 360UB56.7 
BX6-4 360UB56.7 
BX6-5 360UB56.7 
BX6-6 310UB46.7 
BX6-7 360UB56.7 
BZ1-1 250UB37.3 
BZ1-2 310UB46.7 
BZ1-3 310UB46.7 
BZ1-4 250UB37.3 
BZ1-5 250UB37.3 
 
BZ1-6 250UB37.3 
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BZ2-1 250UB37.3 
    
 
BZ2-2 310UB46.7 
    
 
BZ2-3 310UB46.7 
    
 
BZ2-4 250UB37.3 
    
 
BZ2-5 250UB37.3 
    
 
BZ2-6 250UB37.3 
    
 
BZ3-1 250UB37.3 
    
 
BZ3-2 310UB46.7 
    
 
BZ3-3 310UB46.7 
    
 
BZ3-4 250UB37.3 
    
 
BZ3-5 250UB37.3 
    
 
BZ3-6 250UB37.3 
    
 
BZ4-1 250UB37.3 
    
 
BZ4-2 310UB46.7 
    
 
BZ4-3 310UB46.7 
    
 
BZ4-4 250UB37.3 
    
 
BZ4-5 250UB37.3 
    
 
BZ4-6 250UB37.3 
    
 
BZ5-1 250UB37.3 
    
 
BZ5-2 310UB46.7 
    
 
BZ5-3 310UB46.7 
    
 
BZ5-4 250UB37.3 
    
 
BZ5-5 250UB37.3 
    
 
BZ5-6 250UB37.3 
    
 
BZ6-1 250UB37.3 
    
 
BZ6-2 310UB46.7 
    
 
BZ6-3 310UB46.7 
    
 
BZ6-4 250UB37.3 
    
 
BZ6-5 250UB37.3 
    
 
BZ6-6 250UB37.3 
    
 
C1-1 250UC89.5 
    
 
C1-2 250UC89.5 
    
 
C1-3 250UC89.5 
    
 
C1-4 250UC89.5 
    
 
C1-5 310UC137 
    
 
C1-6 310UC137 
    
 
C1-7 310UC137 
    
 
C1-8 310UC137 
    
 
C1-9 250UC89.5 
    
 
C1-10 250UC89.5 
    
 
C2-1 250UC89.5 
    
 
C2-2 250UC89.5 
    
 
C2-3 250UC89.5 
    
 
C2-4 250UC89.5 
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C2-5 310UC137 
    
 
C2-6 310UC137 
    
 
C2-7 310UC137 
    
 
C2-8 310UC137 
    
 
C2-9 250UC89.5 
    
 
C2-10 250UC89.5 
    
 
C3-1 250UC89.5 
    
 
C3-2 250UC89.5 
    
 
C3-3 250UC89.5 
    
 
C3-4 250UC89.5 
    
 
C3-5 310UC137 
    
 
C3-6 310UC137 
    
 
C3-7 310UC137 
    
 
C3-8 310UC137 
    
 
C3-9 250UC89.5 
    
 
C3-10 250UC89.5 
    
 
C4-1 250UC89.5 
    
 
C4-2 250UC89.5 
    
 
C4-3 250UC89.5 
    
 
C4-4 250UC89.5 
    
 
C4-5 310UC137 
    
 
C4-6 310UC137 
    
 
C4-7 310UC137 
    
 
C4-8 310UC137 
    
 
C4-9 250UC89.5 
    
 
C4-10 250UC89.5 
    
 
C5-1 250UC89.5 
    
 
C5-2 250UC89.5 
    
 
C5-3 250UC89.5 
    
 
C5-4 250UC89.5 
    
 
C5-5 310UC137 
    
 
C5-6 310UC137 
    
 
C5-7 310UC137 
    
 
C5-8 310UC137 
    
 
C5-9 250UC89.5 
    
 
C5-10 250UC89.5 
    
 
C6-1 250UC89.5 
    
 
C6-2 250UC89.5 
    
 
C6-3 250UC89.5 
    
 
C6-4 250UC89.5 
    
 
C6-5 310UC137 
    
 
C6-6 310UC137 
    
 
C6-7 310UC137 
    
 
C6-8 310UC137 
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C6-9 250UC89.5 
    
 
C6-10 250UC89.5 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 360UB56.7 
1.301  0.116 1.222  1.064   
BX1-2 360UB56.7 
BX1-3 360UB56.7 
BX1-4 360UB56.7 
BX1-5 360UB56.7 
BX1-6 310UB46.7 
BX1-7 360UB56.7 
BX2-1 360UB56.7 
BX2-2 360UB56.7 
BX2-3 360UB56.7 
BX2-4 360UB56.7 
BX2-5 360UB56.7 
BX2-6 310UB46.7 
BX2-7 360UB56.7 
BX3-1 360UB56.7 
BX3-2 360UB56.7 
BX3-3 360UB56.7 
BX3-4 360UB56.7 
BX3-5 360UB56.7 
BX3-6 310UB46.7 
BX3-7 360UB56.7 
BX4-1 360UB56.7 
BX4-2 360UB56.7 
BX4-3 360UB56.7 
BX4-4 360UB56.7 
BX4-5 360UB56.7 
BX4-6 310UB46.7 
BX4-7 360UB56.7 
BX5-1 360UB56.7 
BX5-2 360UB56.7 
BX5-3 360UB56.7 
BX5-4 360UB56.7 
BX5-5 360UB56.7 
BX5-6 250UB37.3 
BX5-7 360UB56.7 
BX6-1 360UB56.7 
BX6-2 360UB56.7 
BX6-3 360UB56.7 
BX6-4 360UB56.7 
BX6-5 360UB56.7 
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BX6-6 310UB46.7 
BX6-7 360UB56.7 
BZ1-1 250UB37.3 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ1-4 250UB37.3 
BZ1-5 250UB37.3 
 
BZ1-6 250UB37.3 
    
 
BZ2-1 250UB37.3 
    
 
BZ2-2 310UB40.4 
    
 
BZ2-3 310UB40.4 
    
 
BZ2-4 250UB37.3 
    
 
BZ2-5 250UB37.3 
    
 
BZ2-6 250UB37.3 
    
 
BZ3-1 250UB37.3 
    
 
BZ3-2 310UB40.4 
    
 
BZ3-3 310UB40.4 
    
 
BZ3-4 250UB37.3 
    
 
BZ3-5 250UB37.3 
    
 
BZ3-6 250UB37.3 
    
 
BZ4-1 250UB37.3 
    
 
BZ4-2 310UB40.4 
    
 
BZ4-3 310UB40.4 
    
 
BZ4-4 250UB37.3 
    
 
BZ4-5 250UB37.3 
    
 
BZ4-6 250UB37.3 
    
 
BZ5-1 250UB37.3 
    
 
BZ5-2 310UB40.4 
    
 
BZ5-3 310UB40.4 
    
 
BZ5-4 250UB37.3 
    
 
BZ5-5 250UB37.3 
    
 
BZ5-6 250UB37.3 
    
 
BZ6-1 250UB37.3 
    
 
BZ6-2 310UB40.4 
    
 
BZ6-3 310UB40.4 
    
 
BZ6-4 250UB37.3 
    
 
BZ6-5 250UB37.3 
    
 
BZ6-6 250UB37.3 
    
 
C1-1 250UC89.5 
    
 
C1-2 250UC89.5 
    
 
C1-3 250UC89.5 
    
 
C1-4 250UC89.5 
    
 
C1-5 310UC137 
    
 
C1-6 310UC137 
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C1-7 310UC137 
    
 
C1-8 310UC137 
    
 
C1-9 250UC89.5 
    
 
C1-10 250UC89.5 
    
 
C2-1 250UC89.5 
    
 
C2-2 250UC89.5 
    
 
C2-3 250UC89.5 
    
 
C2-4 250UC89.5 
    
 
C2-5 310UC137 
    
 
C2-6 310UC137 
    
 
C2-7 310UC137 
    
 
C2-8 310UC137 
    
 
C2-9 250UC89.5 
    
 
C2-10 250UC89.5 
    
 
C3-1 250UC89.5 
    
 
C3-2 250UC89.5 
    
 
C3-3 250UC89.5 
    
 
C3-4 250UC89.5 
    
 
C3-5 310UC137 
    
 
C3-6 310UC137 
    
 
C3-7 310UC137 
    
 
C3-8 310UC137 
    
 
C3-9 250UC89.5 
    
 
C3-10 250UC89.5 
    
 
C4-1 250UC89.5 
    
 
C4-2 250UC89.5 
    
 
C4-3 250UC89.5 
    
 
C4-4 250UC89.5 
    
 
C4-5 310UC137 
    
 
C4-6 310UC137 
    
 
C4-7 310UC137 
    
 
C4-8 310UC137 
    
 
C4-9 250UC89.5 
    
 
C4-10 250UC89.5 
    
 
C5-1 250UC89.5 
    
 
C5-2 250UC89.5 
    
 
C5-3 250UC89.5 
    
 
C5-4 250UC89.5 
    
 
C5-5 310UC137 
    
 
C5-6 310UC137 
    
 
C5-7 310UC137 
    
 
C5-8 310UC137 
    
 
C5-9 250UC89.5 
    
 
C5-10 250UC89.5 
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C6-1 250UC89.5 
    
 
C6-2 250UC89.5 
    
 
C6-3 250UC89.5 
    
 
C6-4 250UC89.5 
    
 
C6-5 310UC137 
    
 
C6-6 310UC137 
    
 
C6-7 310UC137 
    
 
C6-8 310UC137 
    
 
C6-9 250UC89.5 
    
 
C6-10 250UC89.5 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
SWAY- 
CPY 
BX1-1 360UB56.7 
1.523   0.116 1.463  1.041   
BX1-2 360UB56.7 
BX1-3 360UB56.7 
BX1-4 360UB56.7 
BX1-5 360UB56.7 
BX1-6 410UB59.7 
BX1-7 360UB56.7 
BX2-1 360UB56.7 
BX2-2 360UB56.7 
BX2-3 360UB56.7 
BX2-4 360UB56.7 
BX2-5 360UB56.7 
BX2-6 410UB59.7 
BX2-7 360UB56.7 
BX3-1 360UB56.7 
BX3-2 360UB56.7 
BX3-3 360UB56.7 
BX3-4 360UB56.7 
BX3-5 360UB56.7 
BX3-6 410UB59.7 
BX3-7 360UB56.7 
BX4-1 360UB56.7 
BX4-2 360UB56.7 
BX4-3 360UB56.7 
BX4-4 360UB56.7 
BX4-5 360UB56.7 
BX4-6 410UB59.7 
BX4-7 360UB56.7 
BX5-1 360UB56.7 
BX5-2 360UB56.7 
BX5-3 360UB56.7 
BX5-4 360UB56.7 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
438 
 
BX5-5 360UB56.7 
BX5-6 410UB59.7 
BX5-7 360UB56.7 
BX6-1 360UB56.7 
BX6-2 360UB56.7 
BX6-3 360UB56.7 
BX6-4 360UB56.7 
BX6-5 360UB56.7 
BX6-6 410UB59.7 
BX6-7 360UB56.7 
BZ1-1 250UB37.3 
BZ1-2 460UB74.6 
BZ1-3 250UB37.3 
BZ1-4 250UB37.3 
BZ1-5 250UB37.3 
 
BZ1-6 250UB37.3 
    
 
BZ2-1 250UB37.3 
    
 
BZ2-2 460UB74.6 
    
 
BZ2-3 250UB37.3 
    
 
BZ2-4 250UB37.3 
    
 
BZ2-5 250UB37.3 
    
 
BZ2-6 250UB37.3 
    
 
BZ3-1 250UB37.3 
    
 
BZ3-2 460UB74.6 
    
 
BZ3-3 250UB37.3 
    
 
BZ3-4 250UB37.3 
    
 
BZ3-5 250UB37.3 
    
 
BZ3-6 250UB37.3 
    
 
BZ4-1 250UB37.3 
    
 
BZ4-2 460UB74.6 
    
 
BZ4-3 250UB37.3 
    
 
BZ4-4 250UB37.3 
    
 
BZ4-5 250UB37.3 
    
 
BZ4-6 250UB37.3 
    
 
BZ5-1 250UB37.3 
    
 
BZ5-2 460UB74.6 
    
 
BZ5-3 250UB37.3 
    
 
BZ5-4 250UB37.3 
    
 
BZ5-5 250UB37.3 
    
 
BZ5-6 250UB37.3 
    
 
BZ6-1 250UB37.3 
    
 
BZ6-2 460UB74.6 
    
 
BZ6-3 250UB37.3 
    
 
BZ6-4 250UB37.3 
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BZ6-5 250UB37.3 
    
 
BZ6-6 250UB37.3 
    
 
C1-1 250UC89.5 
    
 
C1-2 250UC89.5 
    
 
C1-3 250UC89.5 
    
 
C1-4 250UC89.5 
    
 
C1-5 250UC89.5 
    
 
C1-6 250UC89.5 
    
 
C1-7 250UC89.5 
    
 
C1-8 250UC89.5 
    
 
C1-9 250UC89.5 
    
 
C1-10 250UC89.5 
    
 
C2-1 250UC89.5 
    
 
C2-2 250UC89.5 
    
 
C2-3 250UC89.5 
    
 
C2-4 250UC89.5 
    
 
C2-5 250UC89.5 
    
 
C2-6 250UC89.5 
    
 
C2-7 250UC89.5 
    
 
C2-8 250UC89.5 
    
 
C2-9 250UC89.5 
    
 
C2-10 250UC89.5 
    
 
C3-1 250UC89.5 
    
 
C3-2 250UC89.5 
    
 
C3-3 250UC89.5 
    
 
C3-4 250UC89.5 
    
 
C3-5 250UC89.5 
    
 
C3-6 250UC89.5 
    
 
C3-7 250UC89.5 
    
 
C3-8 250UC89.5 
    
 
C3-9 250UC89.5 
    
 
C3-10 250UC89.5 
    
 
C4-1 250UC89.5 
    
 
C4-2 250UC89.5 
    
 
C4-3 250UC89.5 
    
 
C4-4 250UC89.5 
    
 
C4-5 250UC89.5 
    
 
C4-6 250UC89.5 
    
 
C4-7 250UC89.5 
    
 
C4-8 250UC89.5 
    
 
C4-9 250UC89.5 
    
 
C4-10 250UC89.5 
    
 
C5-1 250UC89.5 
    
 
C5-2 250UC89.5 
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C5-3 250UC89.5 
    
 
C5-4 250UC89.5 
    
 
C5-5 250UC89.5 
    
 
C5-6 250UC89.5 
    
 
C5-7 250UC89.5 
    
 
C5-8 250UC89.5 
    
 
C5-9 250UC89.5 
    
 
C5-10 250UC89.5 
    
 
C6-1 250UC89.5 
    
 
C6-2 250UC89.5 
    
 
C6-3 250UC89.5 
    
 
C6-4 250UC89.5 
    
 
C6-5 250UC89.5 
    
 
C6-6 250UC89.5 
    
 
C6-7 250UC89.5 
    
 
C6-8 250UC89.5 
    
 
C6-9 250UC89.5 
    
 
C6-10 250UC89.5 
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E.3 System-based design of I-section frame subjected to 
combined gravity and wind load (Wind Category 1) using 
Method 2 
E.3.1 Sway Frame 1 
 
 
 
(a)3D view 
(b) Side view 
Figure E2: Loading for Sway Frame 1 
 
Table E9: Cross-section sizes for Sway Frame 1 
SwayFrame1 
Members Section 
BX1-1 530UB92.4 
BX1-2 530UB92.4 
BZ1-1 530UB92.4 
BZ1-2 530UB92.4 
C1-1 200UC59.5 
C1-2 200UC59.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
 
Table E10: System-based design of Sway Frame 1, CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.840 75.680  66.048  2.232 0.122 1.190 1.876 
0.800 73.040  63.744  2.332 0.132 1.250 1.866 
0.752 69.520  60.672  2.457 0.122 1.330 1.847 
0.704 66.000  57.600  2.626 0.704 1.420 1.849 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 43.120  75.264  2.109 0.101 1.180 1.787 
0.794 40.920  71.424  2.229 0.118 1.260 1.769 
Gn 
Wn Wn 4 m 
8 m 8 m 
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0.749 38.720  67.584  2.366 0.115 1.335 1.772 
0.700 36.520  63.744  2.527 0.110 1.428 1.770 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.843 29.920  78.336  2.082 0.110 1.187 1.754 
0.798 28.453  74.496  2.190 0.110 1.253 1.748 
0.754 26.987  70.656  2.321 0.110 1.327 1.749 
0.701 25.227  66.048  2.491 0.110 1.427 1.746 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 18.656  81.408  2.022 0.108 1.180 1.713 
0.797 17.600  76.800  2.147 0.108 1.255 1.711 
0.746 16.544  72.192  2.289 0.108 1.340 1.708 
0.705 15.664  68.352  2.421 0.108 1.418 1.707 
 
E.3.2 Sway Frame 2 
  
(a)3D view (b) Side view 
Figure E3: Loading for Sway Frame 2 
 
Table E11: Cross-section sizes for Sway Frame 2 
Sway Frame 2 
Members Section 
BX1-1 530UB92.4 
BX1-2 530UB92.4 
BX2-1 530UB92.4 
BX2-2 530UB92.4 
BX3-1 530UB92.4 
BX3-2 530UB92.4 
BZ1-1 530UB92.4 
BZ1-2 530UB92.4 
Wn 
Gn 
2Wn 
2Wn 2Wn 
2Wn 
Wn 
Gn 
Gn 
12 m 
8 m 8 m 
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BZ2-1 530UB92.4 
BZ2-2 530UB92.4 
BZ3-1 530UB92.4 
BZ3-2 530UB92.4 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
 
Table E12: System-based design of Sway Frame 2, CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.840 49.280  25.805  2.206 0.124 1.190 1.854 
0.797 47.520  24.883  2.305 0.125 1.255 1.837 
0.756 45.760  23.962  2.376 0.125 1.322 1.797 
0.718 44.000  23.040  2.511 0.112 1.393 1.803 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.841 27.720  29.030  2.081 0.118 1.189 1.750 
0.807 26.400  27.648  2.196 0.118 1.239 1.772 
0.740 24.640  25.805  2.356 0.117 1.351 1.744 
0.695 23.320  24.422  2.490 0.119 1.439 1.730 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.873 19.800  31.104  2.002 0.115 1.146 1.747 
0.811 18.480  29.030  2.137 0.117 1.234 1.732 
0.775 17.600  27.648  2.250 0.116 1.291 1.743 
0.709 16.280  25.574  2.456 0.111 1.411 1.741 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.813 11.440  29.952  2.131 0.118 1.229 1.734 
0.784 11.000  28.800  2.216 0.119 1.276 1.737 
0.753 10.560  27.648  2.321 0.125 1.328 1.748 
0.685 9.680  25.344  2.533 0.134 1.459 1.736 
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E.3.3 Sway Frame 3 
 
(a)3D view 
 
 
(b) Side view (c) Side view 
Figure E4: Loading for Sway Frame 3 
 
Table E13: Cross-section sizes for Sway Frame 3 
Sway Frame 3 
Members Section 
BX1-1 460UB67.1 
BX1-1 460UB67.1 
BX1-2 460UB67.1 
BX1-3 460UB67.1 
BX1-4 460UB67.1 
BX2-1 460UB67.1 
BX2-2 460UB67.1 
BX2-3 460UB67.1 
BX2-4 460UB67.1 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ1-3 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 410UB59.7 
BZ2-3 410UB59.7 
Gn 
Gn 
Gn 
Gn 
Gn 
Wn 
2Wn 
7/3Wn 
14/3Wn 
3/2Wn 
3/2Wn 
8 m 
6 m 6 m 
8 m 
Gn 
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C1-1 200UC52.2 
C1-2 200UC59.5 
C1-3 200UC52.2 
C1-4 200UC52.2 
C1-5 200UC59.5 
C1-6 200UC52.2 
C2-1 200UC52.2 
C2-2 200UC59.5 
C2-3 200UC52.2 
C2-4 200UC52.2 
C2-5 200UC59.5 
C2-6 200UC52.2 
 
Table E14: System-based design of Sway Frame 3, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 55.440  24.192  2.304 0.128 1.180 1.952 
0.806 53.460  23.328  2.404 0.123 1.240 1.939 
0.746 50.820  22.176  2.565 0.126 1.340 1.914 
0.704 48.840  21.312  2.670 0.127 1.420 1.880 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 33.000  28.800  2.140 0.112 1.180 1.814 
0.794 31.350  27.360  2.257 0.116 1.259 1.793 
0.747 29.700  25.920  2.407 0.111 1.338 1.799 
0.709 28.545  24.912  2.464 0.110 1.410 1.747 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 23.540  30.816  2.057 0.106 1.180 1.743 
0.798 22.000  28.800  2.215 0.106 1.253 1.767 
0.755 20.900  27.360  2.342 0.105 1.324 1.769 
0.701 19.800  25.920  2.483 0.104 1.427 1.740 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.842 14.652  31.968  2.023 0.106 1.188 1.703 
0.806 14.124  30.816  2.103 0.106 1.240 1.696 
0.752 13.068  28.512  2.278 0.105 1.330 1.713 
0.842 12.408  27.072  2.023 0.106 1.188 1.703 
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E.3.4 Sway Frame 4 
 
(a) 3D view 
 
(b) Side view 
Figure E5: Loading for Sway Frame 4 
 
Table E15: Cross-section sizes for Sway Frame 4 
Sway Frame 4 
Members Section 
BX1-1 250UB37.3 
BX1-2 250UB37.3 
BX1-3 250UB37.3 
BX1-4 250UB37.3 
BX2-1 250UB37.3 
BX2-2 250UB37.3 
BX2-3 250UB37.3 
BX2-4 250UB37.3 
BX3-1 250UB37.3 
BX3-2 250UB37.3 
Wn 
2Wn
 
 2Wn 
2Wn 
2Wn 2Wn 
Wn 
Gn 
Gn 
Gn 
12 m 
6 m 
6 m 6 m 
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BX3-3 250UB37.3 
BX3-4 250UB37.3 
BZ1-1 360UB44.7 
BZ1-2 360UB44.7 
BZ1-3 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 360UB44.7 
BZ2-3 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 360UB44.7 
BZ3-3 360UB44.7 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C1-5 250UC89.5 
C1-6 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
C3-5 250UC89.5 
C3-6 250UC89.5 
 
Table E16: System-based design of Sway Frame 4, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.862 58.080  22.810  2.565  0.145  1.160  2.211  
0.800 56.100  22.032  2.697  0.141  1.250  2.158  
0.769  54.780  21.514  2.788  0.138  1.300  2.144  
0.719  52.800  20.736  2.920  0.143  1.390  2.101  
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.837  37.620  29.549  2.259  0.123  1.195  1.891  
0.797  36.300  28.512  2.378  0.117  1.255  1.895  
0.758  34.980  27.475  2.489  0.115  1.320  1.886  
0.699  33.000  25.920  2.670  0.113  1.430  1.867  
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
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φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.826  27.500  32.400  2.197  0.109  1.210  1.815  
0.787  26.400  31.104  2.300  0.107  1.270  1.811  
0.752  25.300  29.808  2.416  0.108  1.330  1.816  
0.694  23.760  27.994  2.593  0.108  1.440  1.801  
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.855  18.480  36.288  2.079  0.104  1.170  1.777  
0.781  17.160  33.696  2.257  0.105 1.280  1.763  
0.746  16.500  32.400  2.354  0.104  1.340  1.757  
0.714  15.840  31.104  2.462  0.103  1.400  1.758  
 
E.3.5 Sway Frame 5 
 
(a) 3D view 
24 m 
8 m 
8 m 8 m 
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(b) Side view (c) Side view 
Figure E6: Loading for Sway Frame 5 
 
Table E17: Cross-section sizes for Sway Frame 5 
Sway Frame 5 
Members Section 
BX1-1 460UB82.1 
BX1-2 460UB82.1 
BX1-3 460UB82.1 
BX1-4 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX2-3 460UB82.1 
BX2-4 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BX3-3 460UB82.1 
BX3-4 460UB82.1 
BX4-1 460UB82.1 
BX4-2 460UB82.1 
BX5-1 460UB82.1 
BX5-2 460UB82.1 
BX6-1 460UB82.1 
BX6-2 460UB82.1 
BZ1-1 530UB82.0 
BZ1-2 530UB92.4 
2Wn 4Wn 2Wn 
2Wn 
2Wn 3Wn 
4Wn 2Wn 
2Wn 
2Wn 4Wn 
2Wn 2Wn 
Wn Wn 
Gn 
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BZ1-3 530UB82.0 
BZ2-1 530UB82.0 
BZ2-2 530UB92.4 
BZ2-3 530UB82.0 
BZ3-1 530UB82.0 
BZ3-2 530UB92.4 
BZ3-3 530UB82.0 
BZ4-1 530UB82.0 
BZ4-2 530UB92.4 
BZ5-1 530UB82.0 
BZ5-2 530UB92.4 
BZ6-1 530UB82.0 
BZ6-2 530UB92.4 
C1-1 310UC158 
C1-2 310UC158 
C1-3 310UC158 
C1-4 310UC158 
C1-5 310UC158 
C1-6 310UC158 
C2-1 310UC158 
C2-2 310UC158 
C2-3 310UC158 
C2-4 310UC158 
C2-5 310UC158 
C2-6 310UC158 
C3-1 310UC158 
C3-2 310UC158 
C3-3 310UC158 
C3-4 310UC158 
C3-5 310UC158 
C3-6 310UC158 
C4-1 250UC89.5 
C4-2 250UC89.5 
C4-3 250UC89.5 
C4-4 250UC89.5 
C5-1 250UC89.5 
C5-2 250UC89.5 
C5-3 250UC89.5 
C5-4 250UC89.5 
C6-1 250UC89.5 
C6-2 250UC89.5 
C6-3 250UC89.5 
C6-4 250UC89.5 
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Table E18: System-based design of Sway Frame 5, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.838 66.000  32.400  2.386 0.144 1.194 1.998 
0.784 63.360  31.104  2.492 0.138 1.276 1.953 
0.764 61.600  30.240  2.600 0.146 1.309 1.986 
0.681 57.200  28.080  2.848 0.138 1.468 1.940 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.853 41.800  41.040  2.109 0.101 1.172 1.800 
0.799 39.600  38.880  2.229 0.118 1.251 1.782 
0.754 37.840  37.152  2.366 0.115 1.326 1.784 
0.682 34.760  34.128  2.527 0.110 1.466 1.724 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.849 29.627  43.632  2.056 0.111 1.178 1.745 
0.801 28.160  41.472  2.182 0.101 1.248 1.748 
0.745 26.400  38.880  2.319 0.117 1.342 1.728 
0.690 24.640  36.288  2.492 0.115 1.450 1.719 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.838 18.480  45.360  2.030 0.115 1.194 1.700 
0.777 17.248  42.336  2.206 0.111 1.287 1.714 
0.751 16.720  41.040  2.269 0.115 1.331 1.705 
0.726 16.192  39.744  2.363 0.101 1.378 1.715 
 
 
 
 
E.3.6 Sway Frame 6 
 
8 m 8 m 
8 m 
16 m 
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(a) 3D view 
 
 
(b) Side view (c) Side view 
Figure E7: Loading for Sway Frame 6 
 
Table E19: Cross-section sizes for Sway Frame 6 
Sway Frame 6 
Members Section 
BX1-1 410UB59.7 
BX1-2 460UB82.1 
BX1-3 410UB59.7 
BX1-4 410UB59.7 
BX1-5 410UB59.7 
BX2-1 410UB59.7 
BX2-2 410UB59.7 
BX2-3 410UB59.7 
BX2-4 410UB59.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ1-3 410UB59.7 
BZ1-4 460UB82.1 
BZ1-5 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 460UB82.1 
BZ2-3 410UB59.7 
BZ3-1 410UB53.7 
BZ3-2 410UB53.7 
Wn Wn 
2Wn 2Wn 
2Wn 2Wn 
Wn 3Wn 2Wn 
Gn 
Gn 
Gn 
Gn Gn 
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BZ4-1 410UB53.7 
BZ4-2 410UB53.7 
C1-1 310UC137 
C1-2 310UC137 
C1-3 310UC137 
C1-4 310UC137 
C1-5 310UC137 
C1-6 310UC137 
C1-7 310UC137 
C1-8 310UC137 
C2-1 310UC137 
C2-2 310UC137 
C2-3 310UC137 
C2-4 310UC137 
C2-5 310UC137 
C2-6 310UC137 
C3-1 310UC118 
C3-2 310UC118 
C3-3 310UC118 
C3-4 310UC118 
C4-1 310UC118 
C4-2 310UC118 
C4-3 310UC118 
C4-4 310UC118 
 
 
 
 
Table E20: System-based design of Sway Frame 6, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.862 74.800  45.696  2.350 0.160 1.160 2.025 
0.806 72.160  44.083  2.350 0.142 1.240 1.895 
0.746 68.640  41.933  2.701 0.124 1.341 2.014 
0.699 66.000  40.320  2.849 0.133 1.430 1.993 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.852 46.640  56.986  2.156 0.113 1.174 1.836 
0.792 44.000  53.760  2.308 0.113 1.262 1.829 
0.732 41.360  50.534  2.456 0.106 1.367 1.797 
0.706 40.040  48.922  2.553 0.107 1.416 1.803 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.845 33.147  60.749  2.125 0.117 1.183 1.796 
0.801 31.680  58.061  2.229 0.112 1.249 1.784 
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0.750 29.920  54.835  2.371 0.111 1.334 1.777 
0.692 27.867  51.072  2.560 0.110 1.446 1.770 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.848 21.120  64.512  2.044 0.102 1.179 1.734 
0.796 19.888  60.749  2.177 0.101 1.257 1.732 
0.757 19.008  58.061  2.282 0.101 1.321 1.727 
0.697 17.600  53.760  2.474 0.101 1.434 1.725 
E.3.7 Sway Frame 7 
 
 
(a) 3D view 
 
(b) Side view 
Figure E8: Loading for Sway Frame 7 
 
Table E21: Cross-section sizes for Sway Frame 7 
Wn 
2Wn 
2Wn 
2Wn 
4Wn 
4Wn 
Wn 
2Wn 
2Wn 
Gn Gn 
Gn 
Gn 
Gn 
Gn 
12 m 
6 m 
6 m 
6 m 
6 m 
6 m 
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Sway Frame 7 
Members Section 
BX1-1 250UB31.4 
BX1-2 250UB31.4 
BX1-3 250UB31.4 
BX1-4 360UB50.7 
BX1-5 360UB50.7 
BX1-6 360UB50.7 
BX1-7 250UB31.4 
BX1-8 250UB31.4 
BX1-9 250UB31.4 
BX2-1 250UB31.4 
BX2-2 360UB50.7 
BX2-3 250UB31.4 
BX2-4 250UB31.4 
BX2-5 250UB31.4 
BX2-6 250UB31.4 
BX2-7 250UB31.4 
BX3-1 250UB31.4 
BX3-2 360UB50.7 
BX3-3 250UB31.4 
BX3-4 250UB31.4 
BX3-5 250UB31.4 
BX3-6 250UB31.4 
BX3-7 250UB31.4 
BZ1-1 310UB32.0 
BZ1-2 310UB32.0 
BZ1-3 310UB32.0 
BZ1-4 310UB32.0 
BZ1-5 310UB32.0 
BZ1-6 310UB32.0 
BZ1-7 310UB32.0 
BZ1-8 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 310UB32.0 
BZ2-3 310UB32.0 
BZ2-4 310UB32.0 
BZ2-5 310UB32.0 
BZ2-6 310UB32.0 
BZ3-1 310UB32.0 
BZ3-2 310UB32.0 
BZ3-3 310UB32.0 
BZ3-4 310UB32.0 
BZ3-5 310UB32.0 
BZ3-6 310UB32.0 
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C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
 
C1-5 250UC89.5 
 
C1-6 250UC89.5 
 
C1-7 250UC89.5 
 
C1-8 250UC89.5 
 
C1-9 250UC89.5 
 
C1-10 250UC89.5 
 
C1-11 250UC89.5 
 
C1-12 250UC89.5 
 
C2-1 250UC89.5 
 
C2-2 250UC89.5 
 
C2-3 250UC89.5 
 
C2-4 250UC89.5 
 
C2-5 250UC89.5 
 
C2-6 250UC89.5 
 
C2-7 250UC89.5 
 
C2-8 250UC89.5 
 
C2-9 250UC89.5 
 
C2-10 250UC89.5 
 
C3-1 250UC72.9 
 
C3-2 250UC72.9 
 
C3-3 250UC72.9 
 
C3-4 250UC72.9 
 
C3-5 250UC72.9 
 
C3-6 250UC72.9 
 
C3-7 250UC72.9 
 
C3-8 250UC72.9 
 
C3-9 250UC72.9 
 
C3-10 250UC72.9 
 
Table E22: System-based design of Sway Frame 7, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.836 46.200  28.224  2.412 0.153 1.196 2.017 
0.797 44.880  27.418  2.499 0.130 1.255 1.991 
0.758 43.560  26.611  2.595 0.144 1.320 1.966 
0.704 41.580  25.402  2.772 0.156 1.421 1.950 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.864 29.370  35.885  2.112 0.118 1.157 1.825 
0.817 28.050  34.272  2.228 0.114 1.224 1.821 
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0.732 25.740  31.450  2.423 0.116 1.366 1.774 
0.676 24.090  29.434  2.672 0.113 1.479 1.807 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.867 21.120  38.707  2.052 0.108 1.153 1.780 
0.816 20.020  36.691  2.181 0.118 1.226 1.779 
0.765 18.920  34.675  2.326 0.110 1.308 1.778 
0.724 18.040  33.062  2.424 0.102 1.381 1.755 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.853 13.200  40.320  2.056 0.108 1.172 1.754 
0.808 12.540  38.304  2.160 0.111 1.238 1.745 
0.734 11.484  35.078  2.360 0.100 1.362 1.733 
0.698 10.956  33.466  2.478 0.101 1.432 1.730 
E.3.8 Sway Frame 8 
 
 
(a) 3D view 
24 m 
6 m 
6 m 
6 m 6 m 
6 m 
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(b) Side view 
Figure E9: Loading for Sway Frame 8 
Table E23: Cross-section sizes for Sway Frame 8 
Sway Frame 8 
Members Section 
BX1-1 250UB25.7 
BX1-2 250UB25.7 
BX1-3 250UB25.7 
BX1-4 250UB25.7 
BX1-5 250UB25.7 
BX1-6 250UB25.7 
BX1-7 250UB25.7 
BX2-1 250UB25.7 
BX2-2 250UB25.7 
BX2-3 250UB25.7 
BX2-4 250UB25.7 
BX2-5 250UB25.7 
BX2-6 250UB25.7 
BX2-7 250UB25.7 
BX3-1 250UB25.7 
BX3-2 250UB25.7 
BX3-3 250UB25.7 
Wn 2Wn 2Wn 
2Wn 2Wn 2Wn 
2Wn 2Wn 2Wn
  Wn 2Wn Wn 
2Wn 2Wn 2Wn 
2Wn 2Wn 2Wn 
2Wn 2Wn 2Wn 
Gn Gn 
Gn 
Gn 
Gn 
Gn 
Gn 
Gn 
Gn 
Gn 
Gn 
Gn 
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BX3-4 250UB25.7 
BX3-5 250UB25.7 
BX3-6 250UB25.7 
BX3-7 250UB25.7 
BX4-1 250UB25.7 
BX4-2 250UB25.7 
BX4-3 250UB25.7 
BX4-4 250UB25.7 
BX4-5 250UB25.7 
BX4-6 250UB25.7 
BX4-7 250UB25.7 
BX5-1 250UB25.7 
BX5-2 250UB25.7 
BX5-3 250UB25.7 
BX5-4 250UB25.7 
BX5-5 250UB25.7 
BX5-6 250UB25.7 
BX5-7 250UB25.7 
BX6-1 250UB25.7 
BX6-2 250UB25.7 
BX6-3 250UB25.7 
BX6-4 250UB25.7 
BX6-5 250UB25.7 
BX6-6 250UB25.7 
BX6-7 250UB25.7 
BZ1-1 310UB32.0 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ1-4 310UB32.0 
BZ1-5 310UB32.0 
BZ1-6 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 310UB40.4 
BZ2-3 310UB40.4 
BZ2-4 310UB32.0 
BZ2-5 310UB32.0 
BZ2-6 310UB32.0 
BZ3-1 310UB32.0 
BZ3-2 310UB40.4 
BZ3-3 310UB40.4 
BZ3-4 310UB32.0 
BZ3-5 310UB32.0 
BZ3-6 310UB32.0 
BZ4-1 310UB32.0 
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BZ4-2 310UB40.4 
BZ4-3 310UB40.4 
BZ4-4 310UB32.0 
BZ4-5 310UB32.0 
BZ4-6 310UB32.0 
BZ5-1 310UB32.0 
BZ5-2 310UB40.4 
BZ5-3 310UB40.4 
BZ5-4 310UB32.0 
BZ5-5 310UB32.0 
BZ5-6 310UB32.0 
BZ6-1 310UB32.0 
BZ6-2 310UB40.4 
BZ6-3 310UB40.4 
BZ6-4 310UB32.0 
BZ6-5 310UB32.0 
BZ6-6 310UB32.0 
C1-1 310UC158 
C1-2 310UC158 
C1-3 310UC158 
C1-4 310UC158 
C1-5 310UC158 
C1-6 310UC158 
C1-7 310UC158 
C1-8 310UC158 
C1-9 310UC158 
C1-10 310UC158 
C2-1 310UC158 
C2-2 310UC158 
C2-3 310UC158 
C2-4 310UC158 
C2-5 310UC158 
C2-6 310UC158 
C2-7 310UC158 
C2-8 310UC158 
C2-9 310UC158 
C2-10 310UC158 
C3-1 310UC158 
C3-2 310UC158 
C3-3 310UC158 
C3-4 310UC158 
C3-5 310UC158 
C3-6 310UC158 
C3-7 310UC158 
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C3-8 310UC158 
C3-9 310UC158 
C3-10 310UC158 
C4-1 310UC137 
C4-2 310UC137 
C4-3 310UC137 
C4-4 310UC137 
C4-5 310UC137 
C4-6 310UC137 
C4-7 310UC137 
C4-8 310UC137 
C4-9 310UC137 
C4-10 310UC137 
C5-1 310UC137 
C5-2 310UC137 
C5-3 310UC137 
C5-4 310UC137 
C5-5 310UC137 
C5-6 310UC137 
C5-7 310UC137 
C5-8 310UC137 
C5-9 310UC137 
C5-10 310UC137 
C6-1 310UC137 
C6-2 310UC137 
C6-3 310UC137 
C6-4 310UC137 
C6-5 310UC137 
C6-6 310UC137 
C6-7 310UC137 
C6-8 310UC137 
C6-9 310UC137 
C6-10 310UC137 
 
Table E24: System-based design of Sway Frame 8, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.838 21.120  10.054  2.412 0.143 1.193 2.021 
0.793 20.460  9.740  2.520 0.152 1.261 1.999 
0.752 19.800  9.425  2.661 0.143 1.329 2.002 
0.710 19.140  9.111  2.769 0.139 1.409 1.965 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.826 13.200  12.567  2.220 0.111 1.210 1.835 
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0.801 12.870  12.253  2.311 0.119 1.249 1.850 
0.748 12.210  11.625  2.477 0.107 1.337 1.853 
0.722 11.880  11.311  2.516 0.116 1.385 1.817 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.842 9.680  13.824  2.131 0.110 1.188 1.793 
0.796 9.240  13.196  2.246 0.109 1.256 1.788 
0.751 8.800  12.567  2.371 0.109 1.331 1.781 
0.708 8.360  11.939  2.511 0.108 1.412 1.778 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.861 6.336  15.081  2.041 0.106 1.162 1.756 
0.801 5.940  14.138  2.188 0.106 1.248 1.753 
0.742 5.544  13.196  2.361 0.108 1.348 1.751 
0.703 5.280  12.567  2.486 0.108 1.422 1.749 
 
 
 
 
E.4 System-based design of I-section frame subjected to 
combined gravity and wind load (Wind Category 3) 
E.4.1 Sway Frame 1 
 
 
(a) 3D view (b) Side view 
 
Figure E10: Loading for Sway Frame 1 
 
Table E25: Section sizes for Sway Frame 1 
SwayFrame1 
Members Section 
BX1-1 530UB92.4 
BX1-2 530UB92.4 
BZ1-1 530UB92.4 
BZ1-2 530UB92.4 
C1-1 200UC59.5 
Wn Wn 
Gn 
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C1-2 200UC59.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
 
Table E26: System-based design of Sway Frame 1, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.848 83.600  54.720  2.206 0.122 1.179 1.871 
0.789 79.200  51.840  2.375 0.116 1.267 1.874 
0.752 76.560  50.112  2.468 0.124 1.330 1.856 
0.695 72.160  47.232  2.654 0.117 1.438 1.846 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.854 48.400  63.360  2.068 0.109 1.171 1.766 
0.809 46.200  60.480  2.188 0.113 1.236 1.770 
0.739 42.680  55.872  2.389 0.113 1.353 1.766 
0.697 40.480  52.992  2.519 0.112 1.435 1.756 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.852 33.733  66.240  2.519 0.109 1.174 1.748 
0.812 32.267  63.360  2.152 0.109 1.231 1.748 
0.730 29.333  57.600  2.382 0.108 1.369 1.740 
0.693 27.867  54.720  2.515 0.108 1.444 1.742 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.840 20.768  67.968  2.056 0.103 1.190 1.727 
0.801 19.888  65.088  2.150 0.103 1.248 1.723 
0.763 19.008  62.208  2.253 0.103 1.310 1.720 
0.704 17.600  57.600  2.439 0.103 1.420 1.718 
 
E.4.2 Sway Frame 2 
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(a) 3D view (b) Side view 
 
Figure E11: Loading for Sway Frame 2 
 
Table E27: Section sizes for Sway Frame 2 
Sway Frame 2 
Members Section 
BX1-1 530UB92.4 
BX1-2 530UB92.4 
BX2-1 530UB92.4 
BX2-2 530UB92.4 
BX3-1 530UB92.4 
BX3-2 530UB92.4 
BZ1-1 530UB92.4 
BZ1-2 530UB92.4 
BZ2-1 530UB92.4 
BZ2-2 530UB92.4 
BZ3-1 530UB92.4 
BZ3-2 530UB92.4 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
 
Table E28: System-based design of Sway Frame 2, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
Wn Wn 
2Wn 
2Wn 
2Wn 
2Wn 
Gn 
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φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.853 55.000  21.600  2.105 0.130 1.172 1.796 
0.815 53.240  20.909  2.201 0.128 1.227 1.794 
0.765 50.600  19.872  2.337 0.127 1.308 1.787 
0.687 46.200  18.144  2.600 0.126  1.455 1.787  
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.836 30.360  23.846  2.093 0.119 1.197 1.749 
0.809 29.480  23.155  2.161 0.118 1.236 1.748 
0.768 28.160  22.118  2.257 0.118 1.302 1.733 
0.702 25.960  20.390  2.482 0.117 1.425 1.742 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.848 21.340  25.142  2.042 0.116 1.179 1.733 
0.821 20.680  24.365  2.112 0.116 1.219 1.733 
0.727 18.480  21.773  2.396 0.108 1.376 1.742 
0.708 18.040  21.254  2.457 0.108 1.412 1.740 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.848 13.200  25.920  2.045 0.107 1.180 1.734 
0.787 12.320  24.192  2.197 0.107 1.270 1.730 
0.729 11.440  22.464  2.373 0.107 1.372 1.730 
0.699 11.000  21.600  2.471 0.107 1.430 1.728 
 
E.4.3 Sway Frame 3 
 
(a) 3D view 
Gn Gn 
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(b) Side view (c) Side view 
 
Figure E12: Loading for Sway Frame 3 
 
Table E29: Cross-section sizes for Sway Frame 3 
Sway Frame 3 
Members Section 
BX1-1 460UB67.1 
BX1-1 460UB67.1 
BX1-2 460UB67.1 
BX1-3 460UB67.1 
BX1-4 460UB67.1 
BX2-1 460UB67.1 
BX2-2 460UB67.1 
BX2-3 460UB67.1 
BX2-4 460UB67.1 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ1-3 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 410UB59.7 
BZ2-3 410UB59.7 
C1-1 200UC52.2 
C1-2 200UC59.5 
C1-3 200UC52.2 
C1-4 200UC52.2 
C1-5 200UC59.5 
C1-6 200UC52.2 
C2-1 200UC52.2 
C2-2 200UC59.5 
C2-3 200UC52.2 
C2-4 200UC52.2 
C2-5 200UC59.5 
C2-6 200UC52.2 
 
Table E30: System-based design of Sway Frame 3, BFY-CFY 
Wn Wn 
2Wn 2Wn 
Gn 
Wn 
2Wn 
7/3Wn 
14/3Wn 
3/2Wn 
3/2Wn 
Gn 
Gn 
Gn 
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Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 48.180  15.768  2.260 0.140 1.180 1.915 
0.794 46.200  15.120  2.382 0.122 1.259 1.892 
0.764 44.880  14.688  2.456 0.129 1.309 1.876 
0.686 41.580  13.608  2.724 0.123 1.457 1.869 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.851 28.710  18.792  2.098 0.109 1.175 1.786 
0.805 27.390  17.928  2.245 0.113 1.243 1.806 
0.758 26.070  17.064  2.349 0.106 1.319 1.781 
0.691 24.090  15.768  2.578 0.111 1.447 1.782 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.869 20.680  20.304  1.995 0.104 1.151 1.733 
0.806 19.360  19.008  2.144 0.103 1.241 1.728 
0.734 17.820  17.496  2.396 0.104 1.362 1.759 
0.705 17.160  16.848  2.496 0.104 1.419 1.759 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.853 12.804  20.952  2.049 0.106 1.173 1.747 
0.786 11.880  19.440  2.217 0.106 1.272 1.743 
0.747 11.352  18.576  2.316 0.101 1.338 1.731 
0.712 10.824  17.712  2.434 0.100 1.405 1.732 
 
E.4.4 Sway Frame 4 
 
(a) 3D view 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
468 
 
 
 
(b) Side view (b) Side view 
Figure E13: Loading for Sway Frame 4 
 
Table E31: Cross-section sizes for Sway Frame 4 
Sway Frame 4 
Members Section 
BX1-1 250UB37.3 
BX1-2 250UB37.3 
BX1-3 250UB37.3 
BX1-4 250UB37.3 
BX2-1 250UB37.3 
BX2-2 250UB37.3 
BX2-3 250UB37.3 
BX2-4 250UB37.3 
BX3-1 250UB37.3 
BX3-2 250UB37.3 
BX3-3 250UB37.3 
BX3-4 250UB37.3 
BZ1-1 360UB44.7 
BZ1-2 360UB44.7 
BZ1-3 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 360UB44.7 
BZ2-3 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 360UB44.7 
BZ3-3 360UB44.7 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
Wn 2Wn Wn 
2Wn 4Wn 2Wn
 
 Gn 
2Wn 4Wn 2Wn 
2Wn 2Wn 
2Wn 2Wn 
Wn Wn 
Gn Gn 
Gn Gn 
Gn Gn 
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C1-4 250UC89.5 
C1-5 250UC89.5 
C1-6 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
C3-5 250UC89.5 
C3-6 250UC89.5 
Table E32: System-based design of Sway Frame 4, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.852 56.100  16.524  2.459 0.152 1.174 2.094 
0.816 54.780  16.135  2.579 0.147 1.226 2.104 
0.765 52.800  15.552  2.720 0.142 1.308 2.080 
0.687 49.500  14.580  2.971 0.132 1.455 2.042 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.842 35.970  21.190  2.216 0.117 1.187 1.867 
0.801 34.650  20.412  2.336 0.127 1.249 1.870 
0.751 33.000  19.440  2.451 0.119 1.332 1.840 
0.684 30.690  18.079  2.680 0.122 1.461 1.834 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.849 26.400  23.328  2.117 0.106 1.178 1.797 
0.806 25.300  22.356  2.223 0.106 1.240 1.792 
0.764 24.200  21.384  2.337 0.105 1.309 1.785 
0.683 22.000  19.440  2.601 0.105 1.464 1.776 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.839 16.896  24.883  2.100 0.105 1.192 1.762 
0.784 15.840  23.328  2.252 0.105 1.276 1.765 
0.753 15.312  22.550  2.336 0.105 1.328 1.759 
0.696 14.256  20.995  2.524 0.104 1.437 1.756 
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E.4.5 Sway Frame 5 
 
(a) 3D view 
      
 
(b) Side view (b) Side view 
Figure E14: Loading for Sway Frame 5 
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Wn 
2Wn 
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2Wn 
2Wn 
4Wn 
2Wn 
2Wn 
2Wn 
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3Wn 
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Wn 
2Wn 
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Table E33: Cross-section sizes for Sway Frame 5 
Sway Frame 5 
Members Section 
BX1-1 460UB82.1 
BX1-2 460UB82.1 
BX1-3 460UB82.1 
BX1-4 460UB82.1 
BX2-1 460UB82.1 
BX2-2 460UB82.1 
BX2-3 460UB82.1 
BX2-4 460UB82.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BX3-3 460UB82.1 
BX3-4 460UB82.1 
BX4-1 460UB82.1 
BX4-2 460UB82.1 
BX5-1 460UB82.1 
BX5-2 460UB82.1 
BX6-1 460UB82.1 
BX6-2 460UB82.1 
BZ1-1 530UB82.0 
BZ1-2 530UB92.4 
BZ1-3 530UB82.0 
BZ2-1 530UB82.0 
BZ2-2 530UB92.4 
BZ2-3 530UB82.0 
BZ3-1 530UB82.0 
BZ3-2 530UB92.4 
BZ3-3 530UB82.0 
BZ4-1 530UB82.0 
BZ4-2 530UB92.4 
BZ5-1 530UB82.0 
BZ5-2 530UB92.4 
BZ6-1 530UB82.0 
BZ6-2 530UB92.4 
C1-1 310UC158 
C1-2 310UC158 
C1-3 310UC158 
C1-4 310UC158 
C1-5 310UC158 
C1-6 310UC158 
C2-1 310UC158 
C2-2 310UC158 
C2-3 310UC158 
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C2-4 310UC158 
C2-5 310UC158 
C2-6 310UC158 
C3-1 310UC158 
C3-2 310UC158 
C3-3 310UC158 
C3-4 310UC158 
C3-5 310UC158 
C3-6 310UC158 
C4-1 250UC89.5 
C4-2 250UC89.5 
C4-3 250UC89.5 
C4-4 250UC89.5 
C5-1 250UC89.5 
C5-2 250UC89.5 
C5-3 250UC89.5 
C5-4 250UC89.5 
C6-1 250UC89.5 
C6-2 250UC89.5 
C6-3 250UC89.5 
C6-4 250UC89.5 
 
 
 
Table E34: System-based design of Sway Frame 5, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.835 63.360  23.328  2.317 0.138 1.198 1.934 
0.801 61.600  22.680  2.430 0.127 1.249 1.945 
0.750 58.960  21.708  2.545 0.121 1.334 1.907 
0.703 56.320  20.736  2.717 0.123 1.422 1.911 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.876 39.600  29.160  2.053 0.120 1.141 1.799 
0.818 37.400  27.540  2.192 0.119 1.222 1.794 
0.759 35.200  25.920  2.373 0.121 1.317 1.802 
0.704 33.000  24.300  2.542 0.111 1.421 1.789 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.853 27.280  30.132  2.091 0.108 1.173 1.783 
0.797 25.813  28.512  2.222 0.107 1.254 1.772 
0.760 24.640  27.216  2.337 0.107 1.316 1.776 
0.716 23.467  25.920  2.476 0.110 1.396 1.773 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
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0.860 17.248  31.752  2.047 0.110 1.163 1.760 
0.819 16.544  30.456  2.168 0.100 1.220 1.777 
0.762 15.488  28.512  2.325 0.099 1.313 1.771 
0.721 14.784  27.216  2.442 0.099 1.387 1.760 
 
 
 
 
 
 
 
 
 
 
 
 
 
E.4.6 Sway Frame 6 
 
(a) 3D view 
Gn Gn 
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(b) Side view (b) Side view 
 
Figure E15: Loading for Sway Frame 5 
 
Table E35: Cross-section sizes for Sway Frame 6 
Sway Frame 6 
Members Section 
BX1-1 410UB59.7 
BX1-2 460UB82.1 
BX1-3 410UB59.7 
BX1-4 410UB59.7 
BX1-5 410UB59.7 
BX2-1 410UB59.7 
BX2-2 410UB59.7 
BX2-3 410UB59.7 
BX2-4 410UB59.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ1-3 410UB59.7 
BZ1-4 460UB82.1 
BZ1-5 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 460UB82.1 
BZ2-3 410UB59.7 
BZ3-1 410UB53.7 
BZ3-2 410UB53.7 
BZ4-1 410UB53.7 
2Wn 
Wn 
2Wn 3Wn 
2Wn 4Wn 
2Wn 
2Wn 
2Wn 
Wn 
2Wn 
Wn 
2Wn 
2Wn 3Wn 
2Wn 
2Wn 
2Wn 
Wn 
Gn 
Gn 
Gn 
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BZ4-2 410UB53.7 
C1-1 310UC137 
C1-2 310UC137 
C1-3 310UC137 
C1-4 310UC137 
C1-5 310UC137 
C1-6 310UC137 
C1-7 310UC137 
C1-8 310UC137 
C2-1 310UC137 
C2-2 310UC137 
C2-3 310UC137 
C2-4 310UC137 
C2-5 310UC137 
C2-6 310UC137 
C3-1 310UC118 
C3-2 310UC118 
C3-3 310UC118 
C3-4 310UC118 
C4-1 310UC118 
C4-2 310UC118 
C4-3 310UC118 
C4-4 310UC118 
 
 
 
Table E36: System-based design of Sway Frame 6, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.877 77.440  35.482  2.414 0.168 1.140 2.118 
0.823 74.800  34.272  2.533 0.160 1.215 2.085 
0.752 71.280  32.659  2.696 0.149 1.329 2.029 
0.693 67.760  31.046  2.918 0.134 1.444 2.021 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.852 48.400  44.352  2.188 0.121 1.174 1.863 
0.810 46.640  42.739  2.284 0.120 1.234 1.850 
0.754 44.000  40.320  2.413 0.120 1.327 1.818 
0.698 41.360  37.901  2.635 0.108 1.433 1.839 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.843 34.907  47.981  2.118 0.115 1.186 1.786 
0.810 33.440  45.965  2.220 0.114 1.235 1.798 
0.765 31.973  43.949  2.332 0.114 1.307 1.784 
0.690 29.333  40.320  2.566 0.113 1.450 1.770 
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Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.853 22.352  51.206  2.038 0.100 1.173 1.737 
0.786 20.768  47.578  2.202 0.100 1.273 1.730 
0.736 19.536  44.755  2.347 0.100 1.359 1.727 
0.695 18.480  42.336  2.506 0.110 1.438 1.743 
 
E.4.7 Sway Frame 7 
 
(a) 3D view 
  
(b) Side view (c) Side view 
Figure E16: Loading for Sway Frame 7 
 
Table E37: Cross-section sizes for Sway Frame 7 
Sway Frame 7 
Members Section 
BX1-1 250UB31.4 
BX1-2 250UB31.4 
BX1-3 250UB31.4 
BX1-4 360UB50.7 
2Wn Wn 
2Wn 4Wn 
2Wn 4Wn 
2Wn 
2Wn 
Wn 2Wn Wn 2Wn Wn 
4Wn 2Wn 
4Wn 2Wn 
4Wn 
4Wn 
2Wn 
2Wn 
Gn Gn 
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BX1-5 360UB50.7 
BX1-6 360UB50.7 
BX1-7 250UB31.4 
BX1-8 250UB31.4 
BX1-9 250UB31.4 
BX2-1 250UB31.4 
BX2-2 360UB50.7 
BX2-3 250UB31.4 
BX2-4 250UB31.4 
BX2-5 250UB31.4 
BX2-6 250UB31.4 
BX2-7 250UB31.4 
BX3-1 250UB31.4 
BX3-2 360UB50.7 
BX3-3 250UB31.4 
BX3-4 250UB31.4 
BX3-5 250UB31.4 
BX3-6 250UB31.4 
BX3-7 250UB31.4 
BZ1-1 310UB32.0 
BZ1-2 310UB32.0 
BZ1-3 310UB32.0 
BZ1-4 310UB32.0 
BZ1-5 310UB32.0 
BZ1-6 310UB32.0 
BZ1-7 310UB32.0 
BZ1-8 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 310UB32.0 
BZ2-3 310UB32.0 
BZ2-4 310UB32.0 
BZ2-5 310UB32.0 
BZ2-6 310UB32.0 
BZ3-1 310UB32.0 
BZ3-2 310UB32.0 
BZ3-3 310UB32.0 
BZ3-4 310UB32.0 
BZ3-5 310UB32.0 
BZ3-6 310UB32.0 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
 
C1-5 250UC89.5 
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C1-6 250UC89.5 
 
C1-7 250UC89.5 
 
C1-8 250UC89.5 
 
C1-9 250UC89.5 
 
C1-10 250UC89.5 
 
C1-11 250UC89.5 
 
C1-12 250UC89.5 
 
C2-1 250UC89.5 
 
C2-2 250UC89.5 
 
C2-3 250UC89.5 
 
C2-4 250UC89.5 
 
C2-5 250UC89.5 
 
C2-6 250UC89.5 
 
C2-7 250UC89.5 
 
C2-8 250UC89.5 
 
C2-9 250UC89.5 
 
C2-10 250UC89.5 
 
C3-1 250UC72.9 
 
C3-2 250UC72.9 
 
C3-3 250UC72.9 
 
C3-4 250UC72.9 
 
C3-5 250UC72.9 
 
C3-6 250UC72.9 
 
C3-7 250UC72.9 
 
C3-8 250UC72.9 
 
C3-9 250UC72.9 
 
C3-10 250UC72.9 
 
Table E38: System-based design of Sway Frame 7, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.847 42.900  19.656  2.462 0.173 1.180 2.086 
0.803 41.580  19.051  2.575 0.161 1.245 2.069 
0.739 39.600  18.144  2.774 0.134 1.353 2.050 
0.700 38.280  17.539  2.921 0.132 1.429 2.044 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.868 28.050  25.704  2.139 0.124 1.152 1.857 
0.815 26.730  24.494  2.266 0.122 1.227 1.846 
0.760 25.410  23.285  2.440 0.114 1.315 1.856 
0.712 24.090  22.075  2.607 0.121 1.404 1.857 
Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.846 20.020  27.518  2.127 0.119 1.182 1.799 
0.779 18.700  25.704  2.295 0.118 1.284 1.788 
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0.746 18.040  24.797  2.389 0.118 1.340 1.782 
0.693 16.940  23.285  2.541 0.116 1.443 1.761 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.867 7.920  18.144  2.028 0.107 1.154 1.757 
0.820 7.524  17.237  2.128 0.102 1.220 1.744 
0.787 7.260  16.632  2.229 0.100 1.270 1.755 
0.712 6.600  15.120  2.446 0.101 1.405 1.741 
 
E.4.8 Sway Frame 8 
 
(a) 3D view  
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(b) Side view (c) Side view 
Figure E17: Loading for Sway Frame 8 
 
 
Table E39: Cross-section sizes for Sway Frame 8 
Sway Frame 8 
Members Section 
BX1-1 250UB25.7 
BX1-2 250UB25.7 
BX1-3 250UB25.7 
BX1-4 250UB25.7 
BX1-5 250UB25.7 
BX1-6 250UB25.7 
BX1-7 250UB25.7 
BX2-1 250UB25.7 
BX2-2 250UB25.7 
BX2-3 250UB25.7 
BX2-4 250UB25.7 
BX2-5 250UB25.7 
BX2-6 250UB25.7 
BX2-7 250UB25.7 
BX3-1 250UB25.7 
BX3-2 250UB25.7 
BX3-3 250UB25.7 
BX3-4 250UB25.7 
BX3-5 250UB25.7 
2Wn Wn 2Wn Wn 
4Wn 2Wn 
4Wn 2Wn 
4Wn 
4Wn 
2Wn 
2Wn 
4Wn 2Wn 4Wn 2Wn 
4Wn 2Wn 
4Wn 2Wn 
4Wn 
4Wn 
2Wn 
2Wn 
2Wn Wn 
4Wn 2Wn 
4Wn 2Wn 
4Wn 2Wn 
4Wn 2Wn 
4Wn 2Wn 
Wn 
2Wn 
2Wn 
2Wn 
2Wn 
2Wn 
Gn Gn 
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BX3-6 250UB25.7 
BX3-7 250UB25.7 
BX4-1 250UB25.7 
BX4-2 250UB25.7 
BX4-3 250UB25.7 
BX4-4 250UB25.7 
BX4-5 250UB25.7 
BX4-6 250UB25.7 
BX4-7 250UB25.7 
BX5-1 250UB25.7 
BX5-2 250UB25.7 
BX5-3 250UB25.7 
BX5-4 250UB25.7 
BX5-5 250UB25.7 
BX5-6 250UB25.7 
BX5-7 250UB25.7 
BX6-1 250UB25.7 
BX6-2 250UB25.7 
BX6-3 250UB25.7 
BX6-4 250UB25.7 
BX6-5 250UB25.7 
BX6-6 250UB25.7 
BX6-7 250UB25.7 
BZ1-1 310UB32.0 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ1-4 310UB32.0 
BZ1-5 310UB32.0 
BZ1-6 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 310UB40.4 
BZ2-3 310UB40.4 
BZ2-4 310UB32.0 
BZ2-5 310UB32.0 
BZ2-6 310UB32.0 
BZ3-1 310UB32.0 
BZ3-2 310UB40.4 
BZ3-3 310UB40.4 
BZ3-4 310UB32.0 
BZ3-5 310UB32.0 
BZ3-6 310UB32.0 
BZ4-1 310UB32.0 
BZ4-2 310UB40.4 
BZ4-3 310UB40.4 
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BZ4-4 310UB32.0 
BZ4-5 310UB32.0 
BZ4-6 310UB32.0 
BZ5-1 310UB32.0 
BZ5-2 310UB40.4 
BZ5-3 310UB40.4 
BZ5-4 310UB32.0 
BZ5-5 310UB32.0 
BZ5-6 310UB32.0 
BZ6-1 310UB32.0 
BZ6-2 310UB40.4 
BZ6-3 310UB40.4 
BZ6-4 310UB32.0 
BZ6-5 310UB32.0 
BZ6-6 310UB32.0 
C1-1 310UC158 
C1-2 310UC158 
C1-3 310UC158 
C1-4 310UC158 
C1-5 310UC158 
C1-6 310UC158 
C1-7 310UC158 
C1-8 310UC158 
C1-9 310UC158 
C1-10 310UC158 
C2-1 310UC158 
C2-2 310UC158 
C2-3 310UC158 
C2-4 310UC158 
C2-5 310UC158 
C2-6 310UC158 
C2-7 310UC158 
C2-8 310UC158 
C2-9 310UC158 
C2-10 310UC158 
C3-1 310UC158 
C3-2 310UC158 
C3-3 310UC158 
C3-4 310UC158 
C3-5 310UC158 
C3-6 310UC158 
C3-7 310UC158 
C3-8 310UC158 
C3-9 310UC158 
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C3-10 310UC158 
C4-1 310UC137 
C4-2 310UC137 
C4-3 310UC137 
C4-4 310UC137 
C4-5 310UC137 
C4-6 310UC137 
C4-7 310UC137 
C4-8 310UC137 
C4-9 310UC137 
C4-10 310UC137 
C5-1 310UC137 
C5-2 310UC137 
C5-3 310UC137 
C5-4 310UC137 
C5-5 310UC137 
C5-6 310UC137 
C5-7 310UC137 
C5-8 310UC137 
C5-9 310UC137 
C5-10 310UC137 
C6-1 310UC137 
C6-2 310UC137 
C6-3 310UC137 
C6-4 310UC137 
C6-5 310UC137 
C6-6 310UC137 
C6-7 310UC137 
C6-8 310UC137 
C6-9 310UC137 
C6-10 310UC137 
 
Table E40: System-based design of Sway Frame 8, BFY-CFY 
Wn/(Dn+Ln)=0.05, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.865 24.420  8.719  2.409 0.149 1.156 2.084 
0.823 23.760  8.483  2.505 0.144 1.215 2.062 
0.753 21.780  7.776  2.723 0.126 1.328 2.050 
0.711 22.440  8.012  2.784 0.134 1.406 1.980 
Wn/(Dn+Ln)=0.10, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.860 15.510  11.075  2.131 0.121 1.163 1.833 
0.809 14.850  10.604  2.244 0.119 1.236 1.815 
0.741 13.860  9.897  2.421 0.112 1.350 1.793 
0.699 13.200  9.425  2.566 0.106 1.431 1.793 
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Wn/(Dn+Ln)=0.15, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.842 11.000  11.782  2.158 0.100 1.188 1.816 
0.801 10.560  11.311  2.219 0.107 1.248 1.778 
0.742 9.900  10.604  2.383 0.107 1.348 1.768 
0.685 9.240  9.897  2.570 0.106 1.460 1.760 
Wn/(Dn+Ln)=0.25, n n nG =1.2D +0.5L  
φsystem Gn (kN/m) 1.6Wn(kN) λm COV λlateral Rm/Rn 
0.850 7.128  12.724  2.039 0.106 1.177 1.733 
0.786 6.600  11.782  2.239 0.102 1.273 1.759 
0.733 6.204  11.075  2.409 0.102 1.365 1.765 
0.682 5.808  10.368  2.582 0.102 1.467 1.760 
 
 
 
 
 
E.5 System-based design of I-section hinge joint braced 
frames 
Table E41: System-based design of hinge joint Braced Frame 1 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB 
-BPY 
BX1-1 310UB46.2 
0.886 0.092 0.855 1.037 
BX1-2 610UB113 
BX1-3 310UB46.2 
BX1-4 610UB113 
BX2-1 310UB46.2 
BX2-2 610UB113 
BX2-3 310UB46.2  
BX2-4 610UB113 
BZ1-1 410UB53.7 
BZ1-2 610UB101 
BZ1-3 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 610UB101 
BZ2-3 410UB53.7 
C1-1 200UC46.2 
C1-2 250UC72.9 
C1-3 150UC23.4 
C1-4 200UC46.2 
C1-5 250UC72.9 
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C1-6 150UC23.4 
C2-1 200UC46.2 
C2-2 250UC72.9 
C2-3 150UC23.4 
C2-4 200UC46.2 
C2-5 250UC72.9 
C2-6 150UC23.4 
Brace L100×100×16 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 530UB82.0 
2.541 0.094 2.573 0.987 
BX1-2 610UB125 
BX1-3 530UB82.0 
BX1-4 610UB125 
BX2-1 530UB82.0 
BX2-2 610UB125 
BX2-3 530UB82.0 
BX2-4 610UB125 
BZ1-1 530UB82.0 
BZ1-2 610UB125 
BZ1-3 530UB82.0 
BZ2-1 530UB82.0 
BZ2-2 610UB125 
BZ2-3 530UB82.0 
C1-1 100UC14.8 
C1-2 150UC23.4 
C1-3 150UC23.4 
C1-4 100UC14.8 
C1-5 150UC23.4 
C1-6 150UC23.4 
C2-1 100UC14.8 
C2-2 150UC23.4 
C2-3 150UC23.4 
C2-4 100UC14.8 
C2-5 150UC23.4 
C2-6 150UC23.4 
Brace L200×200×13 
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 360UB50.7 
2.060 0.118 1.921 1.072 
BX1-2 460UB74.6 
BX1-3 360UB50.7 
BX1-4 460UB74.6 
BX2-1 360UB50.7 
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BX2-2 460UB74.6 
BX2-3 360UB50.7 
BX2-4 460UB74.6 
BZ1-1 360UB50.7 
BZ1-2 460UB74.6 
BZ1-3 360UB50.7 
BZ2-1 360UB50.7 
BZ2-2 460UB74.6 
BZ2-3 360UB50.7 
C1-1 150UC30.0 
C1-2 310UC137 
C1-3 310UC137 
C1-4 150UC30.0 
C1-5 310UC137 
C1-6 310UC137 
C2-1 150UC30.0 
C2-2 310UC137 
C2-3 310UC137 
C2-4 150UC30.0 
C2-5 310UC137 
C2-6 310UC137 
Brace L200×200×13 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
-CPY 
BX1-1 360UB50.7 
1.296 0.120 1.218 1.064 
BX1-2 410UB53.7 
BX1-3 360UB50.7 
BX1-4 410UB53.7 
BX2-1 360UB50.7 
BX2-2 410UB53.7 
BX2-3 360UB50.7 
BX2-4 410UB53.7 
BZ1-1 360UB50.7 
BZ1-2 410UB53.7 
BZ1-3 360UB50.7 
BZ2-1 360UB50.7 
BZ2-2 410UB53.7 
BZ2-3 360UB50.7 
C1-1 150UC23.4 
C1-2 150UC23.4 
C1-3 150UC23.4 
C1-4 150UC23.4 
C1-5 150UC23.4 
C1-6 150UC23.4 
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C2-1 150UC23.4 
C2-2 150UC23.4 
C2-3 150UC23.4 
C2-4 150UC23.4 
C2-5 150UC23.4 
C2-6 150UC23.4 
Brace L200×200×13 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 610UB125 
2.541 0.094 2.573 0.987 
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ1-3 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
Brace L200×200×13 
 
Table E42: System-based design of hinge joint Braced Frame 2 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB 
-BPY 
BX1-1 310UB46.2 
1.379 0.09 1.397 0.987 
BX1-2 460UB67.1 
BX1-3 310UB46.2 
BX1-4 460UB67.1 
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BX2-1 310UB46.2 
BX2-2 460UB67.1 
BX2-3 310UB46.2 
BX2-4 460UB67.1 
BX3-1 310UB46.2 
BX3-2 460UB67.1 
BX3-3 310UB46.2 
BX3-4 460UB67.1 
BZ1-1 460UB67.1 
BZ1-2 460UB67.1 
BZ1-3 460UB67.1 
BZ2-1 460UB67.1 
BZ2-2 460UB67.1 
BZ2-3 460UB67.1 
BZ3-1 460UB67.1 
BZ3-2 460UB67.1 
BZ3-3 460UB67.1 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C1-5 250UC72.9 
C1-6 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C2-5 250UC72.9 
C2-6 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C3-5 250UC72.9 
C3-6 250UC72.9 
 
Top storey 
brace 
L100×100×10 
    
 
Bottom two 
storey brace 
L150×150×16 
    
With Rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 310UB46.2 
1.957  0.118 1.817  1.077  BX1-2 310UB46.2 
BX1-3 310UB46.2 
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BX1-4 310UB46.2 
BX2-1 310UB46.2 
BX2-2 310UB46.2 
BX2-3 310UB46.2 
BX2-4 310UB46.2 
BX3-1 310UB46.2 
BX3-2 310UB46.2 
BX3-3 310UB46.2 
BX3-4 310UB46.2 
BZ1-1 310UB46.2 
BZ1-2 530UB92.4 
BZ1-3 310UB46.2 
BZ2-1 310UB46.2 
BZ2-2 30UB92.4 
BZ2-3 310UB46.2 
BZ3-1 310UB46.2 
BZ3-2 30UB92.4 
BZ3-3 310UB46.2 
C1-1 200UC59.5 
C1-2 250UC89.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
C1-5 250UC89.5 
C1-6 200UC59.5 
C2-1 200UC59.5 
C2-2 250UC89.5 
C2-3 200UC59.5 
C2-4 200UC59.5 
C2-5 250UC89.5 
C2-6 200UC59.5 
C3-1 200UC59.5 
C3-2 250UC89.5 
C3-3 200UC59.5 
C3-4 200UC59.5 
C3-5 250UC89.5 
C3-6 200UC59.5 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 360UB44.7 
2.058  0.120 1.934  1.064  
BX1-2 360UB44.7 
BX1-3 360UB44.7 
BX1-4 360UB44.7 
BX2-1 360UB44.7 
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BX2-2 360UB44.7 
BX2-3 360UB44.7 
BX2-4 360UB44.7 
BX3-1 360UB44.7 
BX3-2 360UB44.7 
BX3-3 360UB44.7 
BX3-4 360UB44.7 
BZ1-1 360UB44.7 
BZ1-2 530UB92.4 
BZ1-3 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 530UB92.4 
BZ2-3 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 530UB92.4 
BZ3-3 360UB44.7 
C1-1 150UC23.4 
C1-2 200UC52.2 
C1-3 150UC23.4 
C1-4 150UC23.4 
C1-5 200UC52.2 
C1-6 150UC23.4 
C2-1 150UC23.4 
C2-2 200UC52.2 
C2-3 150UC23.4 
C2-4 150UC23.4 
C2-5 200UC52.2 
C2-6 150UC23.4 
C3-1 150UC23.4 
C3-2 200UC52.2 
C3-3 150UC23.4 
C3-4 150UC23.4 
C3-5 200UC52.2 
C3-6 150UC23.4 
 
Brace L200×200×26 
    
 
Table E43: System-based design of hinge joint Braced Frame 3 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY 
BX1-1 460UB82.1 
1.031 0.088 1.003 1.028 
BX1-2 530UB92.4 
BX1-3 460UB82.1 
BX1-4 530UB92.4 
BX2-1 460UB82.1 
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BX2-2 530UB92.4 
BX2-3 460UB82.1 
BX2-4 530UB92.4 
BX3-1 460UB82.1 
BX3-2 530UB92.4 
BX3-3 460UB82.1 
BX3-4 530UB92.4 
BX4-1 460UB82.1 
BX4-2 460UB82.1 
BX5-1 460UB82.1 
BX5-2 460UB82.1 
BX6-1 460UB82.1 
BX6-2 460UB82.1 
BZ1-1 410UB53.7 
BZ1-2 460UB82.1 
BZ1-3 530UB92.4 
BZ2-1 410UB53.7 
BZ2-2 460UB82.1 
BZ2-3 530UB92.4 
BZ3-1 410UB53.7 
BZ3-2 460UB82.1 
BZ3-3 530UB92.4 
BZ4-1 410UB53.7 
BZ4-2 460UB82.1 
BZ5-1 410UB53.7 
BZ5-2 460UB82.1 
BZ6-1 410UB53.7 
BZ6-2 460UB82.1 
C1-1 310UC96.8 
C1-2 310UC96.8 
C1-3 310UC96.8 
C1-4 310UC96.8 
C1-5 310UC96.8 
C1-6 310UC96.8 
C2-1 310UC96.8 
C2-2 310UC96.8 
C2-3 310UC96.8 
C2-4 310UC96.8 
C2-5 310UC96.8 
C2-6 310UC96.8 
C3-1 310UC96.8 
C3-2 310UC96.8 
C3-3 310UC96.8 
C3-4 310UC96.8 
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C3-5 310UC96.8 
C3-6 310UC96.8 
C4-1 250UC89.5 
C4-2 250UC89.5 
C4-3 250UC89.5 
C4-4 250UC89.5 
C5-1 250UC89.5 
C5-2 250UC89.5 
C5-3 250UC89.5 
C5-4 250UC89.5 
C6-1 250UC89.5 
C6-2 250UC89.5 
C6-3 250UC89.5 
C6-4 250UC89.5 
 
Top three-storey 
brace 
L150×150×16 
    
 
Bottom three 
storey brace 
L200×200×26 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 410UB53.7 
1.190  0.118 1.114  1.069  
BX1-2 410UB53.7 
BX1-3 410UB53.7 
BX1-4 410UB53.7 
BX2-1 410UB53.7 
BX2-2 410UB53.7 
BX2-3 410UB53.7 
BX2-4 410UB53.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX3-3 410UB53.7 
BX3-4 410UB53.7 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BX5-1 410UB53.7 
BX5-2 410UB53.7 
BX6-1 410UB53.7 
BX6-2 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 530UB92.4 
BZ1-3 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 530UB92.4 
BZ2-3 410UB53.7 
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BZ3-1 410UB53.7 
BZ3-2 530UB92.4 
BZ3-3 410UB53.7 
BZ4-1 410UB53.7 
BZ4-2 460UB82.1 
BZ5-1 410UB53.7 
BZ5-2 460UB82.1 
BZ6-1 410UB53.7 
BZ6-2 460UB82.1 
C1-1 310UC137 
C1-2 310UC158 
C1-3 310UC137 
C1-4 310UC137 
C1-5 310UC158 
C1-6 310UC137 
C2-1 310UC137 
C2-2 310UC158 
C2-3 310UC137 
C2-4 310UC137 
C2-5 310UC158 
C2-6 310UC137 
C3-1 310UC137 
C3-2 310UC158 
C3-3 310UC137 
C3-4 310UC137 
C3-5 310UC158 
C3-6 310UC137 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
C5-1 250UC72.9 
C5-2 250UC72.9 
C5-3 250UC72.9 
C5-4 250UC72.9 
C6-1 250UC72.9 
C6-2 250UC72.9 
C6-3 250UC72.9 
C6-4 250UC72.9 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 410UB53.7 
1.187  0.120 1.114  1.065  
BX1-2 410UB53.7 
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BX1-3 410UB53.7 
BX1-4 410UB53.7 
BX2-1 410UB53.7 
BX2-2 410UB53.7 
BX2-3 410UB53.7 
BX2-4 410UB53.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX3-3 410UB53.7 
BX3-4 410UB53.7 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BX5-1 410UB53.7 
BX5-2 410UB53.7 
BX6-1 410UB53.7 
BX6-2 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 530UB92.4 
BZ1-3 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 530UB92.4 
BZ2-3 410UB53.7 
BZ3-1 410UB53.7 
BZ3-2 530UB92.4 
BZ3-3 410UB53.7 
BZ4-1 410UB53.7 
BZ4-2 460UB82.1 
BZ5-1 410UB53.7 
BZ5-2 460UB82.1 
BZ6-1 410UB53.7 
BZ6-2 460UB82.1 
C1-1 200UC59.5 
C1-2 250UC89.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
C1-5 250UC89.5 
C1-6 200UC59.5 
C2-1 200UC59.5 
C2-2 250UC89.5 
C2-3 200UC59.5 
C2-4 200UC59.5 
C2-5 250UC89.5 
C2-6 200UC59.5 
C3-1 200UC59.5 
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C3-2 250UC89.5 
C3-3 200UC59.5 
C3-4 200UC59.5 
C3-5 250UC89.5 
C3-6 200UC59.5 
C4-1 200UC46.2 
C4-2 200UC46.2 
C4-3 200UC46.2 
C4-4 200UC46.2 
C5-1 200UC46.2 
C5-2 200UC46.2 
C5-3 200UC46.2 
C5-4 200UC46.2 
C6-1 200UC46.2 
C6-2 200UC46.2 
C6-3 200UC46.2 
C6-4 200UC46.2 
 
Brace L200×200×26 
    
 
Table E44: System-based design of hinge joint Braced Frame 4 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY 
BX1-1 530UB82.0 
1.048 0.087 1.028 1.019 
BX1-2 610UB125 
BX1-3 460UB82.1 
BX1-4 460UB82.1 
BX1-5 460UB82.1 
BX2-1 530UB92.4 
BX2-2 460UB82.1 
BX2-3 530UB92.4 
BX2-4 460UB82.1 
BX3-1 530UB92.4 
BX3-2 530UB92.4 
BX4-1 530UB92.4 
BX4-2 530UB92.4 
BZ1-1 530UB82.0 
BZ1-2 530UB82.0 
BZ1-3 460UB82.1 
BZ1-4 530UB82.0 
BZ1-5 460UB82.1 
BZ2-1 530UB92.4 
BZ2-2 530UB82.0 
BZ2-3 460UB82.1 
BZ3-1 530UB92.4 
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BZ3-2 530UB92.4 
BZ4-1 530UB92.4 
BZ4-2 530UB92.4 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C1-5 250UC89.5 
C1-6 250UC89.5 
C1-7 250UC89.5 
C1-8 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
 
Top two 
storey brace 
L100×100×10 
    
 
Bottom two 
storey brace 
L150×150×16 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 610UB125 
1.178 1.182 0.081 0.996 
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX1-5 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BX4-1 610UB125 
BX4-2 610UB125 
BZ1-1 610UB125 
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BZ1-2 610UB125 
BZ1-3 610UB125 
BZ1-4 610UB125 
BZ1-5 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
BZ4-1 610UB125 
BZ4-2 610UB125 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C1-7 150UC37.2 
C1-8 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
C3-1 150UC37.2 
C3-2 150UC37.2 
C3-3 150UC37.2 
C3-4 150UC37.2 
C4-1 150UC37.2 
C4-2 150UC37.2 
C4-3 150UC37.2 
C4-4 150UC37.2 
 
Brace L300×200×26 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 410UB59.7 
1.345  0.112 1.267  1.062  
BX1-2 610UB101 
BX1-3 410UB59.7 
BX1-4 410UB59.7 
BX1-5 410UB59.7 
BX2-1 410UB59.7 
BX2-2 410UB59.7 
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BX2-3 410UB59.7 
BX2-4 410UB59.7 
BX3-1 410UB59.7 
BX3-2 410UB59.7 
BX4-1 410UB59.7 
BX4-2 410UB59.7 
BZ1-1 410UB59.7 
BZ1-2 410UB59.7 
BZ1-3 410UB59.7 
BZ1-4 610UB101 
BZ1-5 410UB59.7 
BZ2-1 410UB59.7 
BZ2-2 610UB101 
BZ2-3 410UB59.7 
BZ3-1 410UB59.7 
BZ3-2 410UB59.7 
BZ4-1 410UB59.7 
BZ4-2 410UB59.7 
C1-1 310UC158 
C1-2 310UC158 
C1-3 310UC137 
C1-4 310UC137 
C1-5 310UC158 
C1-6 310UC137 
C1-7 310UC137 
C1-8 310UC158 
C2-1 310UC137 
C2-2 310UC137 
C2-3 310UC158 
C2-4 310UC137 
C2-5 310UC137 
C2-6 310UC158 
C3-1 310UC96 
C3-2 310UC96 
C3-3 310UC96 
C3-4 310UC96 
C4-1 310UC96 
C4-2 310UC96 
C4-3 310UC96 
C4-4 310UC96 
 
Brace L300×300×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- BX1-1 410UB53.7 1.161  0.113 1.113  1.043  
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CPY BX1-2 530UB82.0 
BX1-3 410UB53.7 
BX1-4 410UB53.7 
BX1-5 410UB53.7 
BX2-1 410UB53.7 
BX2-2 410UB53.7 
BX2-3 410UB53.7 
BX2-4 410UB53.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 410UB53.7 
BZ1-3 410UB53.7 
BZ1-4 530UB82.0 
BZ1-5 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 530UB82.0 
BZ2-3 410UB53.7 
BZ3-1 410UB53.7 
BZ3-2 410UB53.7 
BZ4-1 410UB53.7 
BZ4-2 410UB53.7 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 310UC96 
C1-4 310UC96 
C1-5 200UC52 
C1-6 310UC96 
C1-7 200UC59.5 
C1-8 200UC52 
C2-1 310UC96 
C2-2 310UC96 
C2-3 200UC52 
C2-4 310UC96 
C2-5 310UC96 
C2-6 200UC52 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
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C4-3 250UC72.9 
C4-4 250UC72.9 
 
Brace L300×300×26 
    
 
Table E45: System-based design of hinge joint Braced Frame 5 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB-
BPY 
BX1-1 310UB46.2 
1.048 0.102 1.005 1.043 
BX1-2 410UB53.7 
BX1-3 410UB53.7 
BX1-4 530UB82.0 
BX1-5 530UB82.0 
BX1-6 530UB82.0 
BX1-7 310UB46.2 
BX1-8 410UB53.7 
BX1-9 410UB53.7 
BX2-1 310UB46.2 
BX2-2 410UB53.7 
BX2-3 410UB53.7 
BX2-4 530UB82.0 
BX2-5 310UB46.2 
BX2-6 410UB53.7 
BX2-7 410UB53.7 
BX3-1 310UB46.2 
BX3-2 410UB53.7 
BX3-3 410UB53.7 
BX3-4 410UB53.7 
BX3-5 310UB46.2 
BX3-6 410UB53.7 
BX3-7 410UB53.7 
BZ1-1 460UB67.1 
BZ1-2 530UB82.0 
BZ1-3 530UB82.0 
BZ1-4 460UB67.1 
BZ1-5 460UB67.1 
BZ1-6 460UB82.1 
BZ1-7 460UB82.1 
BZ1-8 460UB67.1 
BZ2-1 460UB67.1 
BZ2-2 360UB44.7 
BZ2-3 460UB67.1 
BZ2-4 460UB82.1 
BZ2-5 460UB82.1 
BZ2-6 460UB67.1 
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BZ3-1 460UB67.1 
BZ3-2 360UB44.7 
BZ3-3 460UB67.1 
BZ3-4 460UB82.1 
BZ3-5 460UB82.1 
BZ3-6 460UB67.1 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
 
C1-5 250UC72.9 
 
    
 
C1-6 250UC72.9 
 
C1-7 250UC72.9 
 
C1-8 250UC72.9 
 
C1-9 250UC72.9 
 
C1-10 250UC72.9 
 
C1-11 250UC72.9 
 
C1-12 250UC72.9 
 
C2-1 250UC72.9 
 
C2-2 250UC72.9 
 
C2-3 250UC72.9 
 
C2-4 250UC72.9 
 
C2-5 250UC72.9 
 
C2-6 250UC72.9 
 
C2-7 250UC72.9 
 
C2-8 250UC72.9 
 
C2-9 250UC72.9 
 
C2-10 250UC72.9 
 
C3-1 200UC46.2 
 
C3-2 200UC46.2 
 
C3-3 200UC46.2 
 
C3-4 200UC46.2 
 
C3-5 200UC46.2 
 
C3-6 200UC46.2 
 
C3-7 200UC46.2 
 
C3-8 200UC46.2 
 
C3-9 200UC46.2 
 
C3-10 200UC46.2 
Bottom two 
storey brace 
L150×150×16 
Top storey 
brace 
L100×100×10 
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
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BFY 
BX1-1 310UB32.0 
1.227  0.122 1.107  1.108  
BX1-2 310UB32.0 
BX1-3 310UB32.0 
BX1-4 460UB82.1 
BX1-5 460UB82.1 
BX1-6 460UB82.1 
BX1-7 310UB32.0 
BX1-8 310UB32.0 
BX1-9 310UB32.0 
BX2-1 310UB32.0 
BX2-2 460UB82.1 
BX2-3 310UB32.0 
BX2-4 310UB32.0 
BX2-5 310UB32.0 
BX2-6 310UB32.0 
BX2-7 310UB32.0 
BX3-1 310UB32.0 
BX3-2 460UB82.1 
BX3-3 310UB32.0 
BX3-4 310UB32.0 
BX3-5 310UB32.0 
BX3-6 310UB32.0 
BX3-7 310UB32.0 
BZ1-1 310UB32.0 
BZ1-2 460UB82.1 
BZ1-3 460UB82.1 
BZ1-4 310UB32.0 
BZ1-5 310UB32.0 
BZ1-6 460UB82.1 
BZ1-7 460UB82.1 
BZ1-8 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 310UB32.0 
BZ2-3 310UB32.0 
BZ2-4 460UB82.1 
BZ2-5 460UB82.1 
BZ2-6 310UB32.0 
BZ3-1 310UB32.0 
BZ3-2 310UB32.0 
BZ3-3 310UB32.0 
BZ3-4 460UB82.1 
BZ3-5 460UB82.1 
BZ3-6 310UB32.0 
C1-1 250UC72.9 
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C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
 
C1-5 310UC96 
    
 
C1-6 310UC96 
    
 
C1-7 310UC96 
    
 
C1-8 250UC72.9 
    
 
C1-9 250UC72.9 
    
 
C1-10 310UC96 
    
 
C1-11 310UC96 
    
 
C1-12 310UC96 
    
 
C2-1 250UC72.9 
    
 
C2-2 250UC72.9 
    
 
C2-3 310UC96 
    
 
C2-4 310UC96 
    
 
C2-5 310UC96 
    
 
C2-6 250UC72.9 
    
 
C2-7 250UC72.9 
    
 
C2-8 310UC96 
    
 
C2-9 310UC96 
    
 
C2-10 250UC72.9 
    
 
C3-1 250UC72.9 
    
 
C3-2 250UC72.9 
    
 
C3-3 310UC96 
    
 
C3-4 310UC96 
    
 
C3-5 310UC96 
    
 
C3-6 250UC72.9 
    
 
C3-7 250UC72.9 
    
 
C3-8 310UC96 
    
 
C3-9 310UC96 
    
 
C3-10 250UC72.9 
    
 
Brace L100×100×13 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 360UB44.7 
2.058  0.124 1.935  1.064  
BX1-2 360UB44.7 
BX1-3 360UB44.7 
BX1-4 460UB82.1 
BX1-5 460UB82.1 
BX1-6 460UB82.1 
BX1-7 360UB44.7 
BX1-8 360UB44.7 
BX1-9 360UB44.7 
BX2-1 360UB44.7 
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BX2-2 460UB82.1 
BX2-3 360UB44.7 
BX2-4 360UB44.7 
BX2-5 360UB44.7 
BX2-6 360UB44.7 
BX2-7 360UB44.7 
BX3-1 360UB44.7 
BX3-2 460UB82.1 
BX3-3 360UB44.7 
BX3-4 360UB44.7 
BX3-5 360UB44.7 
BX3-6 360UB44.7 
BX3-7 360UB44.7 
BZ1-1 360UB44.7 
BZ1-2 460UB82.1 
BZ1-3 460UB82.1 
BZ1-4 360UB44.7 
BZ1-5 360UB44.7 
BZ1-6 460UB82.1 
BZ1-7 460UB82.1 
BZ1-8 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 360UB44.7 
BZ2-3 360UB44.7 
BZ2-4 460UB82.1 
BZ2-5 460UB82.1 
BZ2-6 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 360UB44.7 
BZ3-3 360UB44.7 
BZ3-4 460UB82.1 
BZ3-5 460UB82.1 
BZ3-6 360UB44.7 
C1-1 200UC52.2 
C1-2 200UC52.2 
C1-3 200UC52.2 
C1-4 200UC52.2 
 
C1-5 200UC52.2 
    
 
C1-6 200UC52.2 
    
 
C1-7 200UC52.2 
    
 
C1-8 200UC52.2 
    
 
C1-9 200UC52.2 
    
 
C1-10 200UC52.2 
    
 
C1-11 200UC52.2 
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C1-12 200UC52.2 
    
 
C2-1 200UC52.2 
    
 
C2-2 200UC52.2 
    
 
C2-3 200UC52.2 
    
 
C2-4 200UC52.2 
    
 
C2-5 200UC52.2 
    
 
C2-6 200UC52.2 
    
 
C2-7 200UC52.2 
    
 
C2-8 200UC52.2 
    
 
C2-9 200UC52.2 
    
 
C2-10 200UC52.2 
    
 
C3-1 200UC52.2 
    
 
C3-2 200UC52.2 
    
 
C3-3 200UC52.2 
    
 
C3-4 200UC52.2 
    
 
C3-5 200UC52.2 
    
 
C3-6 200UC52.2 
    
 
C3-7 200UC52.2 
    
 
C3-8 200UC52.2 
    
 
C3-9 200UC52.2 
    
 
C3-10 200UC52.2 
    
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
 
CPY 
BX1-1 360UB44.7 
1.850 0.120 1.705 1.085 
BX1-2 360UB44.7 
BX1-3 360UB44.7 
BX1-4 460UB82.1 
BX1-5 460UB82.1 
BX1-6 460UB82.1 
BX1-7 360UB44.7 
BX1-8 360UB44.7 
BX1-9 360UB44.7 
BX2-1 360UB44.7 
BX2-2 460UB82.1 
BX2-3 360UB44.7 
BX2-4 360UB44.7 
BX2-5 360UB44.7 
BX2-6 360UB44.7 
BX2-7 360UB44.7 
BX3-1 360UB44.7 
BX3-2 460UB82.1 
BX3-3 360UB44.7 
BX3-4 360UB44.7 
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BX3-5 360UB44.7 
BX3-6 360UB44.7 
BX3-7 360UB44.7 
BZ1-1 360UB44.7 
BZ1-2 460UB82.1 
BZ1-3 460UB82.1 
BZ1-4 360UB44.7 
BZ1-5 460UB82.1 
BZ1-6 460UB82.1 
BZ1-7 360UB44.7 
BZ1-8 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 360UB44.7 
BZ2-3 360UB44.7 
BZ2-4 460UB82.1 
BZ2-5 460UB82.1 
BZ2-6 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 360UB44.7 
BZ3-3 360UB44.7 
BZ3-4 460UB82.1 
BZ3-5 460UB82.1 
BZ3-6 360UB44.7 
C1-1 100UC14.8 
C1-2 100UC14.8 
C1-3 100UC14.8 
C1-4 100UC14.8 
 
C1-5 100UC14.8 
    
 
C1-6 100UC14.8 
    
 
C1-7 100UC14.8 
    
 
C1-8 100UC14.8 
    
 
C1-9 100UC14.8 
    
 
C1-10 100UC14.8 
    
 
C1-11 100UC14.8 
    
 
C1-12 100UC14.8 
    
 
C2-1 100UC14.8 
    
 
C2-2 100UC14.8 
    
 
C2-3 100UC14.8 
    
 
C2-4 100UC14.8 
    
 
C2-5 100UC14.8 
    
 
C2-6 100UC14.8 
    
 
C2-7 100UC14.8 
    
 
C2-8 100UC14.8 
    
 
C2-9 100UC14.8 
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C2-10 100UC14.8 
    
 
C3-1 100UC14.8 
    
 
C3-2 100UC14.8 
    
 
C3-3 100UC14.8 
    
 
C3-4 100UC14.8 
    
 
C3-5 100UC14.8 
    
 
C3-6 100UC14.8 
    
 
C3-7 100UC14.8 
    
 
C3-8 100UC14.8 
    
 
C3-9 100UC14.8 
    
 
C3-10 100UC14.8 
    
 
Brace L200×200×26 
    
 
 
 
 
 
 
 
Table E46: System-based design of hinge joint Braced Frame 6 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY 
BX1-1 310UB46.2 
1.298 0.087 1.263 1.027 
BX1-2 310UB46.2 
BX1-3 360UB56.7 
BX1-4 310UB46.2 
BX1-5 310UB46.2 
BX1-6 460UB74.6 
BX1-7 460UB74.6 
BX2-1 310UB46.2 
BX2-2 310UB46.2 
BX2-3 360UB56.7 
BX2-4 310UB46.2 
BX2-5 310UB46.2 
BX2-6 460UB74.6 
BX2-7 360UB56.7 
BX3-1 310UB46.2 
BX3-2 310UB46.2 
BX3-3 360UB56.7 
BX3-4 310UB46.2 
BX3-5 310UB46.2 
BX3-6 460UB74.6 
BX3-7 360UB56.7 
BX4-1 310UB46.2 
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BX4-2 310UB46.2 
BX4-3 360UB56.7 
BX4-4 310UB46.2 
BX4-5 310UB46.2 
BX4-6 460UB74.6 
BX4-7 360UB56.7 
BX5-1 310UB46.2 
BX5-2 310UB46.2 
BX5-3 360UB56.7 
BX5-4 310UB46.2 
BX5-5 310UB46.2 
BX5-6 460UB74.6 
BX5-7 360UB56.7 
BX6-1 310UB46.2 
BX6-2 310UB46.2 
BX6-3 360UB56.7 
BX6-4 310UB46.2 
BX6-5 310UB46.2 
BX6-6 460UB74.6 
BX6-7 360UB56.7 
BZ1-1 360UB50.7 
BZ1-2 460UB74.6 
BZ1-3 460UB74.6 
BZ1-4 360UB50.7 
BZ1-5 310UB46.2 
BZ1-6 310UB46.2 
    
BZ2-1 360UB50.7 
    
BZ2-2 460UB74.6 
    
BZ2-3 460UB74.6 
    
BZ2-4 360UB50.7 
    
BZ2-5 310UB46.2 
    
BZ2-6 310UB46.2 
    
BZ3-1 360UB50.7 
    
BZ3-2 460UB74.6 
    
BZ3-3 460UB74.6 
    
BZ3-4 360UB50.7 
    
BZ3-5 310UB46.2 
    
BZ3-6 310UB46.2 
    
BZ4-1 360UB50.7 
    
BZ4-2 460UB74.6 
    
BZ4-3 460UB74.6 
    
BZ4-4 360UB50.7 
    
BZ4-5 310UB46.2 
    
BZ4-6 310UB46.2 
    
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
509 
 
BZ5-1 360UB50.7 
    
BZ5-2 460UB74.6 
    
BZ5-3 460UB74.6 
    
BZ5-4 360UB50.7 
    
BZ5-5 310UB46.2 
    
BZ5-6 310UB46.2 
    
BZ6-1 360UB50.7 
    
BZ6-2 460UB74.6 
    
BZ6-3 460UB74.6 
    
BZ6-4 360UB50.7 
    
BZ6-5 310UB46.2 
    
BZ6-6 310UB46.2 
    
C1-1 200UC59.5 
    
C1-2 200UC59.5 
    
C1-3 200UC59.5 
    
C1-4 200UC59.5 
    
C1-5 200UC59.5 
    
C1-6 200UC59.5 
    
C1-7 200UC59.5 
    
C1-8 200UC59.5 
    
C1-9 200UC59.5 
    
C1-10 200UC59.5 
    
C2-1 200UC59.5 
    
C2-2 200UC59.5 
    
C2-3 200UC59.5 
    
C2-4 200UC59.5 
    
C2-5 200UC59.5 
    
C2-6 200UC59.5 
    
C2-7 200UC59.5 
    
C2-8 200UC59.5 
    
C2-9 200UC59.5 
    
C2-10 200UC59.5 
    
C3-1 200UC59.5 
    
C3-2 200UC59.5 
    
C3-3 200UC59.5 
    
C3-4 200UC59.5 
    
C3-5 200UC59.5 
    
C3-6 200UC59.5 
    
C3-7 200UC59.5 
    
C3-8 200UC59.5 
    
C3-9 200UC59.5 
    
C3-10 200UC59.5 
    
C4-1 310UC96.8 
    
C4-2 310UC96.8 
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C4-3 310UC96.8 
    
C4-4 310UC96.8 
    
C4-5 310UC96.8 
    
C4-6 310UC96.8 
    
C4-7 310UC96.8 
    
C4-8 310UC96.8 
    
C4-9 310UC96.8 
    
C4-10 310UC96.8 
    
C5-1 310UC96.8 
    
C5-2 310UC96.8 
    
C5-3 310UC96.8 
    
C5-4 310UC96.8 
    
C5-5 310UC96.8 
    
C5-6 310UC96.8 
    
C5-7 310UC96.8 
    
C5-8 310UC96.8 
    
C5-9 310UC96.8 
    
C5-10 310UC96.8 
    
C6-1 310UC96.8 
    
C6-2 310UC96.8 
    
C6-3 310UC96.8 
    
C6-4 310UC96.8 
    
C6-5 310UC96.8 
    
C6-6 310UC96.8 
    
C6-7 310UC96.8 
    
C6-8 310UC96.8 
    
C6-9 310UC96.8 
    
C6-10 310UC96.8 
    
 
Bottom three 
storey brace 
L200×200×26 
    
 
Top three 
storey brace 
L150×150×16 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 310UB32.0 
1.230  0.118 1.157  1.064  
BX1-2 310UB32.0 
BX1-3 310UB32.0 
BX1-4 310UB32.0 
BX1-5 310UB32.0 
BX1-6 460UB67.1 
BX1-7 310UB32.0 
BX2-1 310UB32.0 
BX2-2 310UB32.0 
BX2-3 310UB32.0 
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BX2-4 310UB32.0 
BX2-5 310UB32.0 
BX2-6 460UB67.1 
BX2-7 310UB32.0 
BX3-1 310UB32.0 
BX3-2 310UB32.0 
BX3-3 310UB32.0 
BX3-4 310UB32.0 
BX3-5 310UB32.0 
BX3-6 460UB67.1 
BX3-7 310UB32.0 
BX4-1 310UB32.0 
BX4-2 310UB32.0 
BX4-3 310UB32.0 
BX4-4 310UB32.0 
BX4-5 310UB32.0 
BX4-6 460UB67.1 
BX4-7 310UB32.0 
BX5-1 310UB32.0 
BX5-2 310UB32.0 
BX5-3 310UB32.0 
BX5-4 310UB32.0 
BX5-5 310UB32.0 
BX5-6 460UB67.1 
BX5-7 310UB32.0 
BX6-1 310UB32.0 
BX6-2 310UB32.0 
BX6-3 310UB32.0 
BX6-4 310UB32.0 
BX6-5 310UB32.0 
BX6-6 460UB67.1 
BX6-7 310UB32.0 
BZ1-1 310UB32.0 
BZ1-2 460UB67.1 
BZ1-3 460UB67.1 
BZ1-4 310UB32.0 
BZ1-5 310UB32.0 
BZ1-6 310UB32.0 
    
BZ2-1 310UB32.0 
    
BZ2-2 460UB67.1 
    
BZ2-3 460UB67.1 
    
BZ2-4 310UB32.0 
    
BZ2-5 310UB32.0 
    
BZ2-6 310UB32.0 
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BZ3-1 310UB32.0 
    
BZ3-2 460UB67.1 
    
BZ3-3 460UB67.1 
    
BZ3-4 310UB32.0 
    
BZ3-5 310UB32.0 
    
BZ3-6 310UB32.0 
    
BZ4-1 310UB32.0 
    
BZ4-2 460UB67.1 
    
BZ4-3 460UB67.1 
    
BZ4-4 310UB32.0 
    
BZ4-5 310UB32.0 
    
BZ4-6 310UB32.0 
    
BZ5-1 310UB32.0 
    
BZ5-2 460UB67.1 
    
BZ5-3 460UB67.1 
    
BZ5-4 310UB32.0 
    
BZ5-5 310UB32.0 
    
BZ5-6 310UB32.0 
    
BZ6-1 310UB32.0 
    
BZ6-2 460UB67.1 
    
BZ6-3 460UB67.1 
    
BZ6-4 310UB32.0 
    
BZ6-5 310UB32.0 
    
BZ6-6 310UB32.0 
    
C1-1 310UC158 
    
C1-2 310UC158 
    
C1-3 310UC158 
    
C1-4 310UC158 
    
C1-5 310UC158 
    
C1-6 310UC158 
    
C1-7 310UC158 
    
C1-8 310UC158 
    
C1-9 310UC158 
    
C1-10 310UC158 
    
C2-1 310UC158 
    
C2-2 310UC158 
    
C2-3 310UC158 
    
C2-4 310UC158 
    
C2-5 310UC158 
    
C2-6 310UC158 
    
C2-7 310UC158 
    
C2-8 310UC158 
    
C2-9 310UC158 
    
C2-10 310UC158 
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C3-1 310UC158 
    
C3-2 310UC158 
    
C3-3 310UC158 
    
C3-4 310UC158 
    
C3-5 310UC158 
    
C3-6 310UC158 
    
C3-7 310UC158 
    
C3-8 310UC158 
    
C3-9 310UC158 
    
C3-10 310UC158 
    
C4-1 310UC137 
    
C4-2 310UC137 
    
C4-3 310UC137 
    
C4-4 310UC137 
    
C4-5 310UC137 
    
C4-6 310UC137 
    
C4-7 310UC137 
    
C4-8 310UC137 
    
C4-9 310UC137 
    
C4-10 310UC137 
    
C5-1 310UC137 
    
C5-2 310UC137 
    
C5-3 310UC137 
    
C5-4 310UC137 
    
C5-5 310UC137 
    
C5-6 310UC137 
    
C5-7 310UC137 
    
C5-8 310UC137 
    
C5-9 310UC137 
    
C5-10 310UC137 
    
C6-1 310UC137 
    
C6-2 310UC137 
    
C6-3 310UC137 
    
C6-4 310UC137 
    
C6-5 310UC137 
    
C6-6 310UC137 
    
C6-7 310UC137 
    
C6-8 310UC137 
    
C6-9 310UC137 
    
C6-10 310UC137 
    
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- BX1-1 360UB56.7 2.028  0.119 1.891  1.073  
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CPY BX1-2 360UB56.7 
BX1-3 360UB56.7 
BX1-4 360UB56.7 
BX1-5 360UB56.7 
BX1-6 460UB74.6 
BX1-7 360UB56.7 
BX2-1 360UB56.7 
BX2-2 360UB56.7 
BX2-3 360UB56.7 
BX2-4 360UB56.7 
BX2-5 360UB56.7 
BX2-6 470UB74.6 
BX2-7 360UB56.7 
BX3-1 360UB56.7 
BX3-2 360UB56.7 
BX3-3 360UB56.7 
BX3-4 360UB56.7 
BX3-5 360UB56.7 
BX3-6 470UB74.6 
BX3-7 360UB56.7 
BX4-1 360UB56.7 
BX4-2 360UB56.7 
BX4-3 360UB56.7 
BX4-4 360UB56.7 
BX4-5 360UB56.7 
BX4-6 470UB74.6 
BX4-7 360UB56.7 
BX5-1 360UB56.7 
BX5-2 360UB56.7 
BX5-3 360UB56.7 
BX5-4 360UB56.7 
BX5-5 360UB56.7 
BX5-6 470UB74.6 
BX5-7 360UB56.7 
BX6-1 360UB56.7 
BX6-2 360UB56.7 
BX6-3 360UB56.7 
BX6-4 360UB56.7 
BX6-5 360UB56.7 
BX6-6 470UB74.6 
BX6-7 360UB56.7 
BZ1-1 360UB56.7 
BZ1-2 460UB67.1 
BZ1-3 460UB67.1 
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BZ1-4 360UB56.7 
BZ1-5 360UB56.7 
BZ1-6 360UB56.7 
    
BZ2-1 360UB56.7 
    
BZ2-2 460UB67.1 
    
BZ2-3 460UB67.1 
    
BZ2-4 360UB56.7 
    
BZ2-5 360UB56.7 
    
BZ2-6 360UB56.7 
    
BZ3-1 360UB56.7 
    
BZ3-2 460UB67.1 
    
BZ3-3 460UB67.1 
    
BZ3-4 360UB56.7 
    
BZ3-5 360UB56.7 
    
BZ3-6 360UB56.7 
    
BZ4-1 360UB56.7 
    
BZ4-2 460UB67.1 
    
BZ4-3 460UB67.1 
    
BZ4-4 360UB56.7 
    
BZ4-5 360UB56.7 
    
BZ4-6 360UB56.7 
    
BZ5-1 360UB56.7 
    
BZ5-2 460UB67.1 
    
BZ5-3 460UB67.1 
    
BZ5-4 360UB56.7 
    
BZ5-5 360UB56.7 
    
BZ5-6 360UB56.7 
    
BZ6-1 360UB56.7 
    
BZ6-2 460UB67.1 
    
BZ6-3 460UB67.1 
    
BZ6-4 360UB56.7 
    
BZ6-5 360UB56.7 
    
BZ6-6 360UB56.7 
    
C1-1 310UC137 
    
C1-2 310UC137 
    
C1-3 310UC137 
    
C1-4 310UC137 
    
C1-5 310UC137 
    
C1-6 310UC137 
    
C1-7 310UC137 
    
C1-8 310UC137 
    
C1-9 310UC137 
    
C1-10 310UC137 
    
C2-1 310UC137 
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C2-2 310UC137 
    
C2-3 310UC137 
    
C2-4 310UC137 
    
C2-5 310UC137 
    
C2-6 310UC137 
    
C2-7 310UC137 
    
C2-8 310UC137 
    
C2-9 310UC137 
    
C2-10 310UC137 
    
C3-1 310UC137 
    
C3-2 310UC137 
    
C3-3 310UC137 
    
C3-4 310UC137 
    
C3-5 310UC137 
    
C3-6 310UC137 
    
C3-7 310UC137 
    
C3-8 310UC137 
    
C3-9 310UC137 
    
C3-10 310UC137 
    
C4-1 310UC156 
    
C4-2 310UC156 
    
C4-3 310UC156 
    
C4-4 310UC156 
    
C4-5 310UC156 
    
C4-6 310UC156 
    
C4-7 310UC156 
    
C4-8 310UC156 
    
C4-9 310UC156 
    
C4-10 310UC156 
    
C5-1 310UC156 
    
C5-2 310UC156 
    
C5-3 310UC156 
    
C5-4 310UC156 
    
C5-5 310UC156 
    
C5-6 310UC156 
    
C5-7 310UC156 
    
C5-8 310UC156 
    
C5-9 310UC156 
    
C5-10 310UC156 
    
C6-1 310UC156 
    
C6-2 310UC156 
    
C6-3 310UC156 
    
C6-4 310UC156 
    
C6-5 310UC156 
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C6-6 310UC156 
    
C6-7 310UC156 
    
C6-8 310UC156 
    
C6-9 310UC156 
    
C6-10 310UC156 
    
 
Brace L200×200×26 
    
 
 
 
 
 
 
 
E.6 System-based design of I-section rigid joint braced 
frames 
Table E47: System-based design of rigid joint Braced Frame 1 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY- 
CPY 
BX1-1 310UB46.2 
1.109 0.091 1.076 1.031 
BX1-2 460UB67.1 
BX1-3 310UB46.2 
BX1-4 460UB67.1 
BX2-1 310UB46.2 
BX2-2 460UB67.1 
BX2-3 310UB46.2 
BX2-4 460UB67.1 
BZ1-1 310UB32.0 
BZ1-2 310UB46.2 
BZ1-3 310UB32.0 
BZ2-1 310UB32.0 
BZ2-2 310UB46.2 
BZ2-3 310UB32.0 
C1-1 200UC46.2 
C1-2 250UC72.9 
C1-3 150UC37.2 
C1-4 200UC46.2 
C1-5 250UC72.9 
C1-6 150UC37.2 
C2-1 200UC46.2 
C2-2 250UC72.9 
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C2-3 150UC37.2 
C2-4 200UC46.2 
C2-5 250UC72.9 
C2-6 150UC37.2 
Brace L100×100×16 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 610UB125 
2.306 0.089 2.320 0.994 
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ1-3 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
Brace L200×200×13 
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CFY 
BX1-1 250UB31.4 
1.309 0.115 1.245 1.051 
BX1-2 310UB40.4 
BX1-3 250UB31.4 
BX1-4 310UB40.4 
BX2-1 250UB31.4 
BX2-2 310UB40.4 
BX2-3 250UB31.4 
BX2-4 310UB40.4 
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BZ1-1 250UB31.4 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ2-1 250UB31.4 
BZ2-2 310UB40.4 
BZ2-3 310UB40.4 
C1-1 200UC59.5 
C1-2 200UC59.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
C1-5 200UC59.5 
C1-6 200UC59.5 
C2-1 200UC59.5 
C2-2 200UC59.5 
C2-3 200UC59.5 
C2-4 200UC59.5 
C2-5 200UC59.5 
C2-6 200UC59.5 
Brace L200×200×13 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
-CPY 
BX1-1 250UB31.4 
1.504 0.115 1.422 1.058 
BX1-2 310UB40.4 
BX1-3 250UB31.4 
BX1-4 310UB40.4 
BX2-1 250UB31.4 
BX2-2 310UB40.4 
BX2-3 250UB31.4 
BX2-4 310UB40.4 
BZ1-1 250UB31.4 
BZ1-2 310UB40.4 
BZ1-3 310UB40.4 
BZ2-1 250UB31.4 
BZ2-2 310UB40.4 
BZ2-3 310UB40.4 
C1-1 200UC59.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 200UC59.5 
C1-5 250UC89.5 
C1-6 250UC89.5 
C2-1 200UC59.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
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C2-4 200UC59.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
Brace L200×200×13 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 610UB125 
2.354 0.089 2.350 1.002 
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ1-3 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
Brace L200×200×13 
 
Table E48: System-based design of rigid joint Braced Frame 2 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB 
-BPY- 
CPY 
BX1-1 310UB32.0 
1.438 0.091 1.431 1.005 
BX1-2 250UB31.4 
BX1-3 310UB32.0 
BX1-4 250UB31.4 
BX2-1 310UB32.0 
BX2-2 250UB31.4 
BX2-3 310UB32.0 
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BX2-4 250UB31.4 
BX3-1 310UB32.0 
BX3-2 250UB31.4 
BX3-3 310UB32.0 
BX3-4 250UB31.4 
BZ1-1 360UB44.7 
BZ1-2 460UB67.1 
BZ1-3 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 460UB67.1 
BZ2-3 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 460UB67.1 
BZ3-3 360UB44.7 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
C1-5 250UC72.9 
C1-6 250UC72.9 
C2-1 250UC72.9 
C2-2 250UC72.9 
C2-3 250UC72.9 
C2-4 250UC72.9 
C2-5 250UC72.9 
C2-6 250UC72.9 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C3-5 250UC72.9 
C3-6 250UC72.9 
 
Top storey 
brace 
L200×200×26 
    
 
Bottom two 
storey brace 
L150×150×16 
    
With Rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CFY 
BX1-1 250UB25.4 
1.600 0.107 1.498 1.068 
BX1-2 250UB25.4 
BX1-3 250UB25.4 
BX1-4 250UB25.4 
BX2-1 250UB25.4 
BX2-2 250UB25.4 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
522 
 
BX2-3 250UB25.4 
BX2-4 250UB25.4 
BX3-1 250UB25.4 
BX3-2 250UB25.4 
BX3-3 250UB25.4 
BX3-4 250UB25.4 
BZ1-1 250UB25.4 
BZ1-2 310UB46.2 
BZ1-3 250UB25.4 
BZ2-1 250UB25.4 
BZ2-2 310UB46.2 
BZ2-3 250UB25.4 
BZ3-1 250UB25.4 
BZ3-2 310UB46.2 
BZ3-3 250UB25.4 
C1-1 200UC59.5 
C1-2 250UC89.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
C1-5 250UC89.5 
C1-6 200UC59.5 
C2-1 200UC59.5 
C2-2 250UC89.5 
C2-3 200UC59.5 
C2-4 200UC59.5 
C2-5 250UC89.5 
C2-6 200UC59.5 
C3-1 200UC59.5 
C3-2 250UC89.5 
C3-3 200UC59.5 
C3-4 200UC59.5 
C3-5 250UC89.5 
C3-6 200UC59.5 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 250UB25.4 
1.705 0.119 1.583 1.077 
BX1-2 250UB25.4 
BX1-3 250UB25.4 
BX1-4 250UB25.4 
BX2-1 250UB25.4 
BX2-2 250UB25.4 
BX2-3 250UB25.4 
BX2-4 250UB25.4 
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BX3-1 250UB25.4 
BX3-2 250UB25.4 
BX3-3 250UB25.4 
BX3-4 250UB25.4 
BZ1-1 250UB25.4 
BZ1-2 310UB46.2 
BZ1-3 250UB25.4 
BZ2-1 250UB25.4 
BZ2-2 310UB46.2 
BZ2-3 250UB25.4 
BZ3-1 250UB25.4 
BZ3-2 310UB46.2 
BZ3-3 250UB25.4 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C1-5 250UC89.5 
C1-6 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC89.5 
C3-2 250UC89.5 
C3-3 250UC89.5 
C3-4 250UC89.5 
C3-5 250UC89.5 
C3-6 250UC89.5 
 
Brace L200×200×26 
    
 
Table E49: System-based design of rigid joint Braced Frame 3 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
 
 
BFTB- 
BPY-CPY 
BX1-1 460UB67.1 
1.045 0.089 1.029 1.016 
BX1-2 360UB50.7 
BX1-3 460UB67.1 
BX1-4 360UB50.7 
BX2-1 460UB67.1 
BX2-2 360UB50.7 
BX2-3 460UB67.1 
BX2-4 360UB50.7 
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BX3-1 460UB67.1 
BX3-2 360UB50.7 
BX3-3 460UB67.1 
BX3-4 360UB50.7 
BX4-1 460UB67.1 
BX4-2 460UB67.1 
BX5-1 460UB67.1 
BX5-2 460UB67.1 
BX6-1 460UB67.1 
BX6-2 460UB67.1 
BZ1-1 410UB53.7 
BZ1-2 460UB82.1 
BZ1-3 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 460UB82.1 
BZ2-3 410UB53.7 
BZ3-1 410UB53.7 
BZ3-2 460UB82.1 
BZ3-3 410UB53.7 
BZ4-1 410UB53.7 
BZ4-2 460UB82.1 
BZ5-1 410UB53.7 
BZ5-2 460UB82.1 
BZ6-1 410UB53.7 
BZ6-2 460UB82.1 
C1-1 310UC96.8 
C1-2 310UC96.8 
C1-3 310UC96.8 
C1-4 310UC96.8 
C1-5 310UC96.8 
C1-6 310UC96.8 
C2-1 310UC96.8 
C2-2 310UC96.8 
C2-3 310UC96.8 
C2-4 310UC96.8 
C2-5 310UC96.8 
C2-6 310UC96.8 
C3-1 310UC96.8 
C3-2 310UC96.8 
C3-3 310UC96.8 
C3-4 310UC96.8 
C3-5 310UC96.8 
C3-6 310UC96.8 
C4-1 250UC89.5 
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C4-2 250UC89.5 
C4-3 250UC89.5 
C4-4 250UC89.5 
C5-1 250UC89.5 
C5-2 250UC89.5 
C5-3 250UC89.5 
C5-4 250UC89.5 
C6-1 250UC89.5 
C6-2 250UC89.5 
C6-3 250UC89.5 
C6-4 250UC89.5 
 
Top three-
storey brace 
L150×150×16 
    
 
Bottom three 
storey brace 
L200×200×26 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CFY 
BX1-1 410UB53.7 
1.180 0.111 1.113 1.060 
BX1-2 310UB40.4 
BX1-3 410UB53.7 
BX1-4 310UB40.4 
BX2-1 410UB53.7 
BX2-2 310UB40.4 
BX2-3 410UB53.7 
BX2-4 310UB40.4 
BX3-1 410UB53.7 
BX3-2 310UB40.4 
BX3-3 410UB53.7 
BX3-4 310UB40.4 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BX5-1 410UB53.7 
BX5-2 410UB53.7 
BX6-1 410UB53.7 
BX6-2 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 530UB92.4 
BZ1-3 310UB40.4 
BZ2-1 410UB53.7 
BZ2-2 530UB92.4 
BZ2-3 310UB40.4 
BZ3-1 410UB53.7 
BZ3-2 530UB92.4 
BZ3-3 310UB40.4 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
526 
 
BZ4-1 410UB53.7 
BZ4-2 410UB53.7 
BZ5-1 410UB53.7 
BZ5-2 410UB53.7 
BZ6-1 410UB53.7 
BZ6-2 410UB53.7 
C1-1 310UC137 
C1-2 310UC158 
C1-3 200UC58.5 
C1-4 310UC137 
C1-5 310UC158 
C1-6 200UC58.5 
C2-1 310UC137 
C2-2 310UC158 
C2-3 200UC58.5 
C2-4 310UC137 
C2-5 310UC158 
C2-6 200UC58.5 
C3-1 310UC137 
C3-2 310UC158 
C3-3 200UC58.5 
C3-4 310UC137 
C3-5 310UC158 
C3-6 200UC58.5 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
C5-1 250UC72.9 
C5-2 250UC72.9 
C5-3 250UC72.9 
C5-4 250UC72.9 
C6-1 250UC72.9 
C6-2 250UC72.9 
C6-3 250UC72.9 
C6-4 250UC72.9 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 410UB53.7 
1.440 0.112 1.351 1.066 
BX1-2 310UB40.4 
BX1-3 410UB53.7 
BX1-4 310UB40.4 
BX2-1 410UB53.7 
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BX2-2 310UB40.4 
BX2-3 410UB53.7 
BX2-4 310UB40.4 
BX3-1 410UB53.7 
BX3-2 310UB40.4 
BX3-3 410UB53.7 
BX3-4 310UB40.4 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BX5-1 410UB53.7 
BX5-2 410UB53.7 
BX6-1 410UB53.7 
BX6-2 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 530UB92.4 
BZ1-3 310UB40.4 
BZ2-1 410UB53.7 
BZ2-2 530UB92.4 
BZ2-3 310UB40.4 
BZ3-1 410UB53.7 
BZ3-2 530UB92.4 
BZ3-3 310UB40.4 
BZ4-1 410UB53.7 
BZ4-2 410UB53.7 
BZ5-1 410UB53.7 
BZ5-2 410UB53.7 
BZ6-1 410UB53.7 
BZ6-2 410UB53.7 
C1-1 310UC137 
C1-2 310UC158 
C1-3 310UC137 
C1-4 310UC137 
C1-5 310UC158 
C1-6 310UC137 
C2-1 310UC137 
C2-2 310UC158 
C2-3 310UC137 
C2-4 310UC137 
C2-5 310UC158 
C2-6 310UC137 
C3-1 310UC137 
C3-2 310UC158 
C3-3 310UC137 
C3-4 310UC137 
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C3-5 310UC158 
C3-6 310UC137 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
C5-1 250UC72.9 
C5-2 250UC72.9 
C5-3 250UC72.9 
C5-4 250UC72.9 
C6-1 250UC72.9 
C6-2 250UC72.9 
C6-3 250UC72.9 
C6-4 250UC72.9 
 
Brace L200×200×26 
    
 
 
     
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
 
CPY 
BX1-1 610UB125 
0.822 0.093 0.820 1.003 
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BX3-3 610UB125 
BX3-4 610UB125 
BX4-1 610UB125 
BX4-2 610UB125 
BX5-1 610UB125 
BX5-2 610UB125 
BX6-1 610UB125 
BX6-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ1-3 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
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BZ3-3 610UB125 
BZ4-1 610UB125 
BZ4-2 610UB125 
BZ5-1 610UB125 
BZ5-2 610UB125 
BZ6-1 610UB125 
BZ6-2 610UB125 
C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
C3-1 150UC37.2 
C3-2 150UC37.2 
C3-3 150UC37.2 
C3-4 150UC37.2 
C3-5 150UC37.2 
C3-6 150UC37.2 
C4-1 150UC37.2 
C4-2 150UC37.2 
C4-3 150UC37.2 
C4-4 150UC37.2 
C5-1 150UC37.2 
C5-2 150UC37.2 
C5-3 150UC37.2 
C5-4 150UC37.2 
C6-1 150UC37.2 
C6-2 150UC37.2 
C6-3 150UC37.2 
C6-4 150UC37.2 
 
Brace L200×200×26 
    
 
Table E50: System-based design of rigid joint Braced Frame 4 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY-
BX1-1 530UB82.0 
1.048 0.090 1.028 1.019 
BX1-2 530UB82.0 
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CPY BX1-3 460UB67.1 
BX1-4 460UB82.1 
BX1-5 460UB67.1 
BX2-1 460UB82.1 
BX2-2 460UB67.1 
BX2-3 460UB82.1 
BX2-4 460UB67.1 
BX3-1 460UB82.1 
BX3-2 460UB82.1 
BX4-1 460UB82.1 
BX4-2 460UB82.1 
BZ1-1 530UB82.1 
BZ1-2 530UB82.1 
BZ1-3 468UB82.1 
BZ1-4 530UB82.1 
BZ1-5 468UB82.1 
BZ2-1 468UB82.1 
BZ2-2 530UB82.1 
BZ2-3 468UB82.1 
BZ3-1 468UB82.1 
BZ3-2 468UB82.1 
BZ4-1 468UB82.1 
BZ4-2 468UB82.1 
C1-1 250UC89.5 
C1-2 250UC89.5 
C1-3 250UC89.5 
C1-4 250UC89.5 
C1-5 250UC89.5 
C1-6 250UC89.5 
C1-7 250UC89.5 
C1-8 250UC89.5 
C2-1 250UC89.5 
C2-2 250UC89.5 
C2-3 250UC89.5 
C2-4 250UC89.5 
C2-5 250UC89.5 
C2-6 250UC89.5 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
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C4-4 250UC72.9 
 
Top two 
storey brace 
L100×100×10 
    
 
Bottom two 
storey brace 
L150×150×16 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CFY 
BX1-1 410UB53.7 
1.424 0.119 1.345 1.059 
BX1-2 530UB82.0 
BX1-3 360UB44.7 
BX1-4 410UB53.7 
BX1-5 360UB44.7 
BX2-1 410UB53.7 
BX2-2 360UB44.7 
BX2-3 410UB53.7 
BX2-4 360UB44.7 
BX3-1 410UB53.7 
BX3-2 410UB53.7 
BX4-1 410UB53.7 
BX4-2 410UB53.7 
BZ1-1 410UB53.7 
BZ1-2 410UB53.7 
BZ1-3 410UB53.7 
BZ1-4 530UB82.0 
BZ1-5 410UB53.7 
BZ2-1 410UB53.7 
BZ2-2 530UB82.0 
BZ2-3 410UB53.7 
BZ3-1 410UB53.7 
BZ3-2 410UB53.7 
BZ4-1 410UB53.7 
BZ4-2 410UB53.7 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 310UC96 
C1-4 310UC96 
C1-5 200UC59.5 
C1-6 310UC96 
C1-7 200UC52.2 
C1-8 200UC52.2 
C2-1 310UC96 
C2-2 310UC96 
C2-3 200UC52.2 
C2-4 310UC96 
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C2-5 310UC96 
C2-6 200UC52.2 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
 
Brace L300×300×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CPY 
BX1-1 530UB82.0 
1.094 0.114 1.035 1.057 
BX1-2 530UB82.0 
BX1-3 250UB37.3 
BX1-4 530UB82.0 
BX1-5 250UB37.3 
BX2-1 530UB82.0 
BX2-2 530UB82.0 
BX2-3 250UB37.3 
BX2-4 250UB37.3 
BX3-1 530UB82.0 
BX3-2 530UB82.0 
BX4-1 530UB82.0 
BX4-2 530UB82.0 
BZ1-1 530UB82.0 
BZ1-2 530UB82.0 
BZ1-3 530UB82.0 
BZ1-4 530UB82.0 
BZ1-5 410UB53.7 
BZ2-1 530UB82.0 
BZ2-2 530UB82.0 
BZ2-3 410UB53.7 
BZ3-1 530UB82.0 
BZ3-2 530UB82.0 
BZ4-1 530UB82.0 
BZ4-2 530UB82.0 
C1-1 200UC46.2 
C1-2 200UC46.2 
C1-3 310UC96.8 
C1-4 310UC96.8 
C1-5 250UC89.5 
C1-6 310UC96.8 
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C1-7 310UC96.8 
C1-8 250UC89.5 
C2-1 310UC96.8 
C2-2 310UC96.8 
C2-3 250UC89.5 
C2-4 310UC96.8 
C2-5 310UC96.8 
C2-6 250UC89.5 
C3-1 250UC72.9 
C3-2 250UC72.9 
C3-3 250UC72.9 
C3-4 250UC72.9 
C4-1 250UC72.9 
C4-2 250UC72.9 
C4-3 250UC72.9 
C4-4 250UC72.9 
 
Brace L300×300×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 610UB125 
1.336 0.079 1.294 1.033 
BX1-2 610UB125 
BX1-3 610UB125 
BX1-4 610UB125 
BX1-5 610UB125 
BX2-1 610UB125 
BX2-2 610UB125 
BX2-3 610UB125 
BX2-4 610UB125 
BX3-1 610UB125 
BX3-2 610UB125 
BX4-1 610UB125 
BX4-2 610UB125 
BZ1-1 610UB125 
BZ1-2 610UB125 
BZ1-3 610UB125 
BZ1-4 610UB125 
BZ1-5 610UB125 
BZ2-1 610UB125 
BZ2-2 610UB125 
BZ2-3 610UB125 
BZ3-1 610UB125 
BZ3-2 610UB125 
BZ4-1 610UB125 
BZ4-2 610UB125 
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C1-1 150UC37.2 
C1-2 150UC37.2 
C1-3 150UC37.2 
C1-4 150UC37.2 
C1-5 150UC37.2 
C1-6 150UC37.2 
C1-7 150UC37.2 
C1-8 150UC37.2 
C2-1 150UC37.2 
C2-2 150UC37.2 
C2-3 150UC37.2 
C2-4 150UC37.2 
C2-5 150UC37.2 
C2-6 150UC37.2 
C3-1 150UC37.2 
C3-2 150UC37.2 
C3-3 150UC37.2 
C3-4 150UC37.2 
C4-1 150UC37.2 
C4-2 150UC37.2 
C4-3 150UC37.2 
C4-4 150UC37.2 
 
Brace L300×200×26 
    
 
Table E51: System-based design of rigid joint Braced Frame 5 
Failure Mode Members Section λm COV λn Rm/Rn 
BFTB- 
BPY- 
CPY 
BX1-1 310UB46.2 
1.095 0.071 1.091 1.004 
BX1-2 200UB29.8 
BX1-3 200UB29.8 
BX1-4 410UB53.7 
BX1-5 410UB53.7 
BX1-6 410UB53.7 
BX1-7 310UB46.2 
BX1-8 200UB29.8 
BX1-9 200UB29.8 
BX2-1 310UB46.2 
BX2-2 410UB53.7 
BX2-3 200UB29.8 
BX2-4 200UB29.8 
BX2-5 310UB46.2 
BX2-6 200UB29.8 
BX2-7 200UB29.8 
BX3-1 310UB46.2 
BX3-2 410UB53.7 
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BX3-3 200UB29.8 
BX3-4 200UB29.8 
BX3-5 310UB46.2 
BX3-6 200UB29.8 
BX3-7 200UB29.8 
BZ1-1 360UB44.7 
BZ1-2 410UB53.7 
BZ1-3 410UB53.7 
BZ1-4 360UB44.7 
BZ1-5 360UB44.7 
BZ1-6 410UB53.7 
BZ1-7 410UB53.7 
BZ1-8 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 360UB44.7 
BZ2-3 360UB44.7 
BZ2-4 410UB53.7 
BZ2-5 410UB53.7 
BZ2-6 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 360UB44.7 
BZ3-3 360UB44.7 
BZ3-4 410UB53.7 
BZ3-5 410UB53.7 
BZ3-6 360UB44.7 
C1-1 250UC72.9 
C1-2 250UC72.9 
C1-3 250UC72.9 
C1-4 250UC72.9 
 
C1-5 250UC72.9 
    
 
C1-6 250UC72.9 
    
 
C1-7 250UC72.9 
    
 
C1-8 250UC72.9 
    
 
C1-9 250UC72.9 
    
 
C1-10 250UC72.9 
    
 
C1-11 250UC72.9 
    
 
C1-12 250UC72.9 
    
 
C2-1 250UC72.9 
    
 
C2-2 250UC72.9 
    
 
C2-3 250UC72.9 
    
 
C2-4 250UC72.9 
    
 
C2-5 250UC72.9 
    
 
C2-6 250UC72.9 
    
 
C2-7 250UC72.9 
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C2-8 250UC72.9 
    
 
C2-9 250UC72.9 
    
 
C2-10 250UC72.9 
    
 
C3-1 200UC46.2 
    
 
C3-2 200UC46.2 
    
 
C3-3 200UC46.2 
    
 
C3-4 200UC46.2 
    
 
C3-5 200UC46.2 
    
 
C3-6 200UC46.2 
    
 
C3-7 200UC46.2 
    
 
C3-8 200UC46.2 
    
 
C3-9 200UC46.2 
    
 
C3-10 200UC46.2 
    
 
Brace L200×200×26 
    
With rigid diaphragms 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 310UB40.4 
1.890 0.126 1.863 1.015 
BX1-2 310UB40.4 
BX1-3 310UB40.4 
BX1-4 360UB44.7 
BX1-5 360UB44.7 
BX1-6 360UB44.7 
BX1-7 310UB40.4 
BX1-8 310UB40.4 
BX1-9 310UB40.4 
BX2-1 310UB40.4 
BX2-2 360UB44.7 
BX2-3 310UB40.4 
BX2-4 310UB40.4 
BX2-5 310UB40.4 
BX2-6 310UB40.4 
BX2-7 310UB40.4 
BX3-1 310UB40.4 
BX3-2 360UB44.7 
BX3-3 310UB40.4 
BX3-4 310UB40.4 
BX3-5 310UB40.4 
BX3-6 310UB40.4 
BX3-7 310UB40.4 
BZ1-1 310UB40.4 
BZ1-2 360UB44.7 
BZ1-3 360UB44.7 
BZ1-4 310UB40.4 
BZ1-5 310UB40.4 
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BZ1-6 360UB44.7 
BZ1-7 360UB44.7 
BZ1-8 310UB40.4 
BZ2-1 310UB40.4 
BZ2-2 310UB40.4 
BZ2-3 310UB40.4 
BZ2-4 360UB44.7 
BZ2-5 360UB44.7 
BZ2-6 310UB40.4 
BZ3-1 310UB40.4 
BZ3-2 310UB40.4 
BZ3-3 310UB40.4 
BZ3-4 360UB44.7 
BZ3-5 360UB44.7 
BZ3-6 310UB40.4 
C1-1 200UC59.5 
C1-2 200UC59.5 
C1-3 200UC59.5 
C1-4 200UC59.5 
 
C1-5 200UC59.5 
    
 
C1-6 200UC59.5 
    
 
C1-7 200UC59.5 
    
 
C1-8 200UC59.5 
    
 
C1-9 200UC59.5 
    
 
C1-10 200UC59.5 
    
 
C1-11 200UC59.5 
    
 
C1-12 200UC59.5 
    
 
C2-1 200UC59.5 
    
 
C2-2 200UC59.5 
    
 
C2-3 200UC59.5 
    
 
C2-4 200UC59.5 
    
 
C2-5 200UC59.5 
    
 
C2-6 200UC59.5 
    
 
C2-7 200UC59.5 
    
 
C2-8 200UC59.5 
    
 
C2-9 200UC59.5 
    
 
C2-10 200UC59.5 
    
 
C3-1 200UC59.5 
    
 
C3-2 200UC59.5 
    
 
C3-3 200UC59.5 
    
 
C3-4 200UC59.5 
    
 
C3-5 200UC59.5 
    
 
C3-6 200UC59.5 
    
 
C3-7 200UC59.5 
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C3-8 200UC59.5 
    
 
C3-9 200UC59.5 
    
 
C3-10 200UC59.5 
    
 
Brace L200×200×26 
    
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 360UB44.7 
1.893 0.123 1.740 1.088 
BX1-2 360UB44.7 
BX1-3 360UB44.7 
BX1-4 460UB82.1 
BX1-5 460UB82.1 
BX1-6 460UB82.1 
BX1-7 360UB44.7 
BX1-8 360UB44.7 
BX1-9 360UB44.7 
BX2-1 360UB44.7 
BX2-2 460UB82.1 
BX2-3 360UB44.7 
BX2-4 360UB44.7 
BX2-5 360UB44.7 
BX2-6 360UB44.7 
BX2-7 360UB44.7 
BX3-1 360UB44.7 
BX3-2 460UB82.1 
BX3-3 360UB44.7 
BX3-4 360UB44.7 
BX3-5 360UB44.7 
BX3-6 360UB44.7 
BX3-7 360UB44.7 
BZ1-1 360UB44.7 
BZ1-2 460UB82.1 
BZ1-3 460UB82.1 
BZ1-4 360UB44.7 
BZ1-5 360UB44.7 
BZ1-6 460UB82.1 
BZ1-7 460UB82.1 
BZ1-8 360UB44.7 
BZ2-1 360UB44.7 
BZ2-2 360UB44.7 
BZ2-3 360UB44.7 
BZ2-4 460UB82.1 
BZ2-5 460UB82.1 
BZ2-6 360UB44.7 
BZ3-1 360UB44.7 
BZ3-2 360UB44.7 
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BZ3-3 360UB44.7 
BZ3-4 460UB82.1 
BZ3-5 460UB82.1 
BZ3-6 360UB44.7 
C1-1 200UC52.2 
C1-2 200UC52.2 
C1-3 200UC52.2 
C1-4 200UC52.2 
 
C1-5 200UC52.2 
    
 
C1-6 200UC52.2 
    
 
C1-7 200UC52.2 
    
 
C1-8 200UC52.2 
    
 
C1-9 200UC52.2 
    
 
C1-10 200UC52.2 
    
 
C1-11 200UC52.2 
    
 
C1-12 200UC52.2 
    
 
C2-1 200UC52.2 
    
 
C2-2 200UC52.2 
    
 
C2-3 200UC52.2 
    
 
C2-4 200UC52.2 
    
 
C2-5 200UC52.2 
    
 
C2-6 200UC52.2 
    
 
C2-7 200UC52.2 
    
 
C2-8 200UC52.2 
    
 
C2-9 200UC52.2 
    
 
C2-10 200UC52.2 
    
 
C3-1 200UC52.2 
    
 
C3-2 200UC52.2 
    
 
C3-3 200UC52.2 
    
 
C3-4 200UC52.2 
    
 
C3-5 200UC52.2 
    
 
C3-6 200UC52.2 
    
 
C3-7 200UC52.2 
    
 
C3-8 200UC52.2 
    
 
C3-9 200UC52.2 
    
 
C3-10 200UC52.2 
    
 
Brace L200×200×26 
    
 
Table E52: System-based design of rigid joint Braced Frame 6  
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFTB- 
BPY- 
CPY 
BX1-1 250UB31.4 
1.318 0.097 1.335 0.987 BX1-2 250UB31.4 
BX1-3 350UB56.7 
Appendix E - System Reliability-Based Design Criteria for I-section Steel Frames 
 
540 
 
BX1-4 250UB31.4 
BX1-5 250UB31.4 
BX1-6 460UB74.6 
BX1-7 460UB74.6 
BX2-1 250UB31.4 
BX2-2 250UB31.4 
BX2-3 350UB56.7 
BX2-4 250UB31.4 
BX2-5 250UB31.4 
BX2-6 460UB74.6 
BX2-7 350UB56.7 
BX3-1 250UB31.4 
BX3-2 250UB31.4 
BX3-3 350UB56.7 
BX3-4 250UB31.4 
BX3-5 250UB31.4 
BX3-6 460UB74.6 
BX3-7 350UB56.7 
BX4-1 250UB31.4 
BX4-2 250UB31.4 
BX4-3 350UB56.7 
BX4-4 250UB31.4 
BX4-5 250UB31.4 
BX4-6 460UB74.6 
BX4-7 350UB56.7 
BX5-1 250UB31.4 
BX5-2 250UB31.4 
BX5-3 350UB56.7 
BX5-4 250UB31.4 
BX5-5 250UB31.4 
BX5-6 460UB74.6 
BX5-7 350UB56.7 
BX6-1 250UB31.4 
BX6-2 250UB31.4 
BX6-3 350UB56.7 
BX6-4 250UB31.4 
BX6-5 250UB31.4 
BX6-6 460UB74.6 
BX6-7 350UB56.7 
BZ1-1 250UB37.3 
BZ1-2 460UB74.6 
BZ1-3 460UB74.6 
BZ1-4 250UB37.3 
BZ1-5 250UB31.4 
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BZ1-6 250UB31.4 
    
BZ2-1 250UB37.3 
    
BZ2-2 460UB74.6 
    
BZ2-3 460UB74.6 
    
BZ2-4 250UB37.3 
    
BZ2-5 250UB31.4 
    
BZ2-6 250UB31.4 
    
BZ3-1 250UB37.3 
    
BZ3-2 460UB74.6 
    
BZ3-3 460UB74.6 
    
BZ3-4 250UB37.3 
    
BZ3-5 250UB31.4 
    
BZ3-6 250UB31.4 
    
BZ4-1 250UB37.3 
    
BZ4-2 460UB74.6 
    
BZ4-3 460UB74.6 
    
BZ4-4 250UB37.3 
    
BZ4-5 250UB31.4 
    
BZ4-6 250UB31.4 
    
BZ5-1 250UB37.3 
    
BZ5-2 460UB74.6 
    
BZ5-3 460UB74.6 
    
BZ5-4 250UB37.3 
    
BZ5-5 250UB31.4 
    
BZ5-6 250UB31.4 
    
BZ6-1 250UB37.3 
    
BZ6-2 460UB74.6 
    
BZ6-3 460UB74.6 
    
BZ6-4 250UB37.3 
    
BZ6-5 250UB31.4 
    
BZ6-6 250UB31.4 
    
C1-1 310UC96 
    
C1-2 310UC96 
    
C1-3 310UC96 
    
C1-4 310UC96 
    
C1-5 310UC96 
    
C1-6 310UC96 
    
C1-7 310UC96 
    
C1-8 310UC96 
    
C1-9 310UC96 
    
C1-10 310UC96 
    
C2-1 310UC96 
    
C2-2 310UC96 
    
C2-3 310UC96 
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C2-4 310UC96 
    
C2-5 310UC96 
    
C2-6 310UC96 
    
C2-7 310UC96 
    
C2-8 310UC96 
    
C2-9 310UC96 
    
C2-10 310UC96 
    
C3-1 310UC96 
    
C3-2 310UC96 
    
C3-3 310UC96 
    
C3-4 310UC96 
    
C3-5 310UC96 
    
C3-6 310UC96 
    
C3-7 310UC96 
    
C3-8 310UC96 
    
C3-9 310UC96 
    
C3-10 310UC96 
    
C4-1 200UC59.5 
    
C4-2 200UC59.5 
    
C4-3 200UC59.5 
    
C4-4 200UC59.5 
    
C4-5 200UC59.5 
    
C4-6 200UC59.5 
    
C4-7 200UC59.5 
    
C4-8 200UC59.5 
    
C4-9 200UC59.5 
    
C4-10 200UC59.5 
    
C5-1 200UC59.5 
    
C5-2 200UC59.5 
    
C5-3 200UC59.5 
    
C5-4 200UC59.5 
    
C5-5 200UC59.5 
    
C5-6 200UC59.5 
    
C5-7 200UC59.5 
    
C5-8 200UC59.5 
    
C5-9 200UC59.5 
    
C5-10 200UC59.5 
    
C6-1 200UC59.5 
    
C6-2 200UC59.5 
    
C6-3 200UC59.5 
    
C6-4 200UC59.5 
    
C6-5 200UC59.5 
    
C6-6 200UC59.5 
    
C6-7 200UC59.5 
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C6-8 200UC59.5 
    
C6-9 200UC59.5 
    
C6-10 200UC59.5 
    
 
Bottom three 
storey brace 
L200×200×26 
    
 
Top three 
storey brace 
L150×150×16 
    
With rigid diaphragms 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY- 
CFY 
BX1-1 200UB29.8 
0.896 0.120 0.843 1.063 
BX1-2 200UB29.8 
BX1-3 200UB29.8 
BX1-4 200UB29.8 
BX1-5 200UB29.8 
BX1-6 200UB29.8 
BX1-7 200UB29.8 
BX2-1 200UB29.8 
BX2-2 200UB29.8 
BX2-3 200UB29.8 
BX2-4 200UB29.8 
BX2-5 200UB29.8 
BX2-6 200UB29.8 
BX2-7 200UB29.8 
BX3-1 200UB29.8 
BX3-2 200UB29.8 
BX3-3 200UB29.8 
BX3-4 200UB29.8 
BX3-5 200UB29.8 
BX3-6 200UB29.8 
BX3-7 200UB29.8 
BX4-1 200UB29.8 
BX4-2 200UB29.8 
BX4-3 200UB29.8 
BX4-4 200UB29.8 
BX4-5 200UB29.8 
BX4-6 200UB29.8 
BX4-7 200UB29.8 
BX5-1 200UB29.8 
BX5-2 200UB29.8 
BX5-3 200UB29.8 
BX5-4 200UB29.8 
BX5-5 200UB29.8 
BX5-6 200UB29.8 
BX5-7 200UB29.8 
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BX6-1 200UB29.8 
BX6-2 200UB29.8 
BX6-3 200UB29.8 
BX6-4 200UB29.8 
BX6-5 200UB29.8 
BX6-6 200UB29.8 
BX6-7 200UB29.8 
BZ1-1 200UB29.8 
BZ1-2 200UB29.8 
BZ1-3 200UB29.8 
BZ1-4 200UB29.8 
BZ1-5 200UB29.8 
BZ1-6 200UB29.8 
    
BZ2-1 200UB29.8 
    
BZ2-2 200UB29.8 
    
BZ2-3 200UB29.8 
    
BZ2-4 200UB29.8 
    
BZ2-5 200UB29.8 
    
BZ2-6 200UB29.8 
    
BZ3-1 200UB29.8 
    
BZ3-2 200UB29.8 
    
BZ3-3 200UB29.8 
    
BZ3-4 200UB29.8 
    
BZ3-5 200UB29.8 
    
BZ3-6 200UB29.8 
    
BZ4-1 200UB29.8 
    
BZ4-2 200UB29.8 
    
BZ4-3 200UB29.8 
    
BZ4-4 200UB29.8 
    
BZ4-5 200UB29.8 
    
BZ4-6 200UB29.8 
    
BZ5-1 200UB29.8 
    
BZ5-2 200UB29.8 
    
BZ5-3 200UB29.8 
    
BZ5-4 200UB29.8 
    
BZ5-5 200UB29.8 
    
BZ5-6 200UB29.8 
    
BZ6-1 200UB29.8 
    
BZ6-2 200UB29.8 
    
BZ6-3 200UB29.8 
    
BZ6-4 200UB29.8 
    
BZ6-5 200UB29.8 
    
BZ6-6 200UB29.8 
    
C1-1 250UC89.5 
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C1-2 250UC89.5 
    
C1-3 250UC89.5 
    
C1-4 250UC89.5 
    
C1-5 250UC89.5 
    
C1-6 250UC89.5 
    
C1-7 250UC89.5 
    
C1-8 250UC89.5 
    
C1-9 250UC89.5 
    
C1-10 250UC89.5 
    
C2-1 250UC89.5 
    
C2-2 250UC89.5 
    
C2-3 250UC89.5 
    
C2-4 250UC89.5 
    
C2-5 250UC89.5 
    
C2-6 250UC89.5 
    
C2-7 250UC89.5 
    
C2-8 250UC89.5 
    
C2-9 250UC89.5 
    
C2-10 250UC89.5 
    
C3-1 250UC72.9 
    
C3-2 250UC72.9 
    
C3-3 250UC72.9 
    
C3-4 250UC72.9 
    
C3-5 250UC72.9 
    
C3-6 250UC72.9 
    
C3-7 250UC72.9 
    
C3-8 250UC72.9 
    
C3-9 250UC72.9 
    
C3-10 250UC72.9 
    
C4-1 250UC72.9 
    
C4-2 250UC72.9 
    
C4-3 250UC72.9 
    
C4-4 250UC72.9 
    
C4-5 250UC72.9 
    
C4-6 250UC72.9 
    
C4-7 250UC72.9 
    
C4-8 250UC72.9 
    
C4-9 250UC72.9 
    
C4-10 250UC72.9 
    
C5-1 250UC72.9 
    
C5-2 250UC72.9 
    
C5-3 250UC72.9 
    
C5-4 250UC72.9 
    
C5-5 250UC72.9 
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C5-6 250UC72.9 
    
C5-7 250UC72.9 
    
C5-8 250UC72.9 
    
C5-9 250UC72.9 
    
C5-10 250UC72.9 
    
C6-1 250UC72.9 
    
C6-2 250UC72.9 
    
C6-3 250UC72.9 
    
C6-4 250UC72.9 
    
C6-5 250UC72.9 
    
C6-6 250UC72.9 
    
C6-7 250UC72.9 
    
C6-8 250UC72.9 
    
C6-9 250UC72.9 
    
C6-10 250UC72.9 
    
 
Brace L200×200×26 
    
 
E.7 System-based design for Serviceability limit state 
Table E53: Section sizes for sway frame considering serviceability limit state 
Wind Load Case 1 Wind Load Case 1 
Sway 
Frame 1 
Members Section 
Sway 
Frame 1 
Members Section 
Drift 
H/301 
BX1-1 310UB46.2 
Drift 
H/354 
BX1-1 360UB56.7 
BX1-2 310UB46.2 BX1-2 360UB56.7 
BZ1-1 310UB46.2 BZ1-1 360UB56.7 
BZ1-2 310UB46.2 BZ1-2 360UB56.7 
C1-1 310UC118 C1-1 310UC118 
C1-2 310UC118 C1-2 310UC118 
C1-3 310UC118 C1-3 310UC118 
C1-4 310UC118 C1-4 310UC118 
Wind Load Case 1 Wind Load Case 7 
Sway 
Frame 1 
Members Section 
Sway 
Frame 1 
Members Section 
Drift 
H/423 
BX1-1 460UB82.1 
Drift 
H/301 
BX1-1 410UB53.7 
BX1-2 460UB82.1 BX1-2 410UB53.7 
BZ1-1 460UB82.1 BZ1-1 410UB53.7 
BZ1-2 460UB82.1 BZ1-2 410UB53.7 
C1-1 310UC118 C1-1 250UC89.5 
C1-2 310UC118 C1-2 250UC89.5 
C1-3 310UC118 C1-3 250UC89.5 
C1-4 310UC118 C1-4 250UC89.5 
Wind Load Case 7 Wind Load Case 7 
Sway 
Frame 1 
Members Section 
Sway 
Frame 1 
Members Section 
Drift BX1-1 530UB92.4 Drift BX1-1 310UB46.2 
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H/344 BX1-2 530UB92.4 H/410 BX1-2 310UB46.2 
BZ1-1 530UB92.4 BZ1-1 310UB46.2 
BZ1-2 530UB92.4 BZ1-2 310UB46.2 
C1-1 250UC89.5 C1-1 310UC158 
C1-2 250UC89.5 C1-2 310UC158 
C1-3 250UC89.5 C1-3 310UC158 
C1-4 250UC89.5 C1-4 310UC158 
Wind Load Case 2 Wind Load Case2 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Drift 
H/333 
BX1-1 530UB92.4 
Drift 
H/376 
BX1-1 610UB101 
BX1-2 530UB92.4 BX1-2 610UB101 
BX2-1 530UB92.4 BX2-1 610UB101 
BX2-2 530UB92.4 BX2-2 610UB101 
BX3-1 530UB92.4 BX3-1 610UB101 
BX3-2 530UB92.4 BX3-2 610UB101 
BZ1-1 530UB92.4 BZ1-1 610UB101 
BZ1-2 530UB92.4 BZ1-2 610UB101 
BZ2-1 530UB92.4 BZ2-1 610UB101 
BZ2-2 530UB92.4 BZ2-2 610UB101 
BZ3-1 530UB92.4 BZ3-1 610UB101 
BZ3-2 530UB92.4 BZ3-2 610UB101 
C1-1 310UC96.8 C1-1 310UC96.8 
C1-2 310UC96.8 C1-2 310UC96.8 
C1-3 310UC96.8 C1-3 310UC96.8 
C1-4 310UC96.8 C1-4 310UC96.8 
C2-1 310UC96.8 C2-1 310UC96.8 
C2-2 310UC96.8 C2-2 310UC96.8 
C2-3 310UC96.8 C2-3 310UC96.8 
C2-4 310UC96.8 C2-4 310UC96.8 
C3-1 310UC96.8 C3-1 310UC96.8 
C3-2 310UC96.8 C3-2 310UC96.8 
C3-3 310UC96.8 C3-3 310UC96.8 
C3-4 310UC96.8 C3-4 310UC96.8 
Wind Load Case 2 Wind Load Case 2 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Drift 
H/415 
BX1-1 610UB125 
Drift 
H/310 
BX1-1 530UB82 
BX1-2 610UB125 BX1-2 530UB82 
BX2-1 610UB125 BX2-1 530UB82 
BX2-2 610UB125 BX2-2 530UB82 
BX3-1 610UB125 BX3-1 530UB82 
BX3-2 610UB125 BX3-2 530UB82 
BZ1-1 610UB125 BZ1-1 530UB82 
BZ1-2 610UB125 BZ1-2 530UB82 
BZ2-1 610UB125 BZ2-1 530UB82 
BZ2-2 610UB125 BZ2-2 530UB82 
BZ3-1 610UB125 BZ3-1 530UB82 
BZ3-2 610UB125 BZ3-2 530UB82 
C1-1 310UC96.8 C1-1 310UC158 
C1-2 310UC96.8 C1-2 310UC158 
C1-3 310UC96.8 C1-3 310UC158 
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C1-4 310UC96.8 C1-4 310UC158 
C2-1 310UC96.8 C2-1 310UC158 
C2-2 310UC96.8 C2-2 310UC158 
C2-3 310UC96.8 C2-3 310UC158 
C2-4 310UC96.8 C2-4 310UC158 
C3-1 310UC96.8 C3-1 310UC158 
C3-2 310UC96.8 C3-2 310UC158 
C3-3 310UC96.8 C3-3 310UC158 
C3-4 310UC96.8 C3-4 310UC158 
Wind Load Case 7 Wind Load Case 7 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Drift 
H/363 
BX1-1 610UB101 
Drift 
H/387 
BX1-1 610UB125 
BX1-2 610UB101 BX1-2 610UB125 
BX2-1 610UB101 BX2-1 610UB125 
BX2-2 610UB101 BX2-2 610UB125 
BX3-1 610UB101 BX3-1 610UB125 
BX3-2 610UB101 BX3-2 610UB125 
BZ1-1 610UB101 BZ1-1 610UB125 
BZ1-2 610UB101 BZ1-2 610UB125 
BZ2-1 610UB101 BZ2-1 610UB125 
BZ2-2 610UB101 BZ2-2 610UB125 
BZ3-1 610UB101 BZ3-1 610UB125 
BZ3-2 610UB101 BZ3-2 610UB125 
C1-1 310UC158 C1-1 310UC158 
C1-2 310UC158 C1-2 310UC158 
C1-3 310UC158 C1-3 310UC158 
C1-4 310UC158 C1-4 310UC158 
C2-1 310UC158 C2-1 310UC158 
C2-2 310UC158 C2-2 310UC158 
C2-3 310UC158 C2-3 310UC158 
C2-4 310UC158 C2-4 310UC158 
C3-1 310UC158 C3-1 310UC158 
C3-2 310UC158 C3-2 310UC158 
C3-3 310UC158 C3-3 310UC158 
C3-4 310UC158 C3-4 310UC158 
Wind Load Case 2 Wind Load Case 2 
Sway 
Frame 3 
Members Section 
Sway 
Frame 3 
Members Section 
Drift 
H/333 
BX1-1 310UB40.4 
Drift 
H/376 
BX1-1 310UB40.4 
BX1-2 310UB46.2 BX1-2 310UB46.2 
BX1-3 310UB40.4 BX1-3 310UB40.4 
BX1-4 310UB46.2 BX1-4 310UB46.2 
BX2-1 310UB40.4 BX2-1 310UB40.4 
BX2-2 310UB46.2 BX2-2 310UB46.2 
BX2-3 310UB40.4 BX2-3 310UB40.4 
BX2-4 310UB46.2 BX2-4 310UB46.2 
BZ1-1 460UB67.1 BZ1-1 460UB67.1 
BZ1-2 530UB82.0 BZ1-2 610UB125 
BZ1-3 460UB67.1 BZ1-3 460UB67.1 
BZ2-1 460UB67.1 BZ2-1 460UB67.1 
BZ2-2 530UB82.0 BZ2-2 610UB125 
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BZ2-3 460UB67.1 BZ2-3 460UB67.1 
C1-1 250UC72.9 C1-1 250UC72.9 
C1-2 250UC89.5 C1-2 250UC89.5 
C1-3 250UC72.9 C1-3 250UC72.9 
C1-4 250UC72.9 C1-4 250UC72.9 
C1-5 250UC89.5 C1-5 250UC89.5 
C1-6 250UC72.9 C1-6 250UC72.9 
C2-1 250UC72.9 C2-1 250UC72.9 
C2-2 250UC89.5 C2-2 250UC89.5 
C2-3 250UC72.9 C2-3 250UC72.9 
C2-4 250UC72.9 C2-4 250UC72.9 
C2-5 250UC89.5 C2-5 250UC89.5 
C2-6 250UC72.9 C2-6 250UC72.9 
Wind Load Case 2 
 
Sway 
Frame 3 
Members Section 
Drift 
H/415 
BX1-1 310UB40.4 
BX1-2 310UB46.2 
BX1-3 310UB40.4 
BX1-4 310UB46.2 
BX2-1 310UB40.4 
BX2-2 310UB46.2 
BX2-3 310UB40.4 
BX2-4 310UB46.2 
BZ1-1 460UB67.1 
BZ1-2 530UB92.4 
BZ1-3 460UB67.1 
BZ2-1 460UB67.1 
BZ2-2 530UB92.4 
BZ2-3 460UB67.1 
C1-1 250UC72.9 
C1-2 310UC96 
C1-3 250UC72.9 
C1-4 250UC72.9 
C1-5 310UC96 
C1-6 250UC72.9 
C2-1 250UC72.9 
C2-2 310UC96 
C2-3 250UC72.9 
C2-4 250UC72.9 
C2-5 310UC96 
C2-6 250UC72.9 
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E.8 Nominal models considering 4 conditions and associate 
system resistance factors for I-section frames 
Table E54: Comparison of different nominal model for sway frames with rigid diaphragms 
(Condition 1 vs Condition 2) 
Sway 
Frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFTB-BPY-CPY 1.009 0.947 6.165 
 
SWAY-CPY 1.001 0.856 14.472 
Frame 2 BFTB-BPY-CPY 1.004 0.941 6.316 
 
SWAY-CPY 1.053 0.891 15.385 
Frame 3 BFTB-BPY-CPY 1.025 0.950 7.357 
 
SWAY-CPY 0.971 0.881 9.286 
Frame 4 BFTB-BPY-CPY 1.003 0.937 6.594 
 
SWAY-CPY 0.972 0.835 14.071 
Frame 5 BFTB-BPY-CPY 0.998 0.918 8.035 
 
SWAY-CPY 1.041 0.921 11.520 
Frame 6 BFTB-BPY-CPY 0.977 0.912 6.692 
 
SWAY-CPY 1.056 0.983 6.867 
Frame 7 BFTB-BPY-CPY 0.988 0.870 11.984 
 
SWAY-CPY 0.966 0.936 3.191 
Frame 8 BFTB-BPY-CPY 0.991 0.927 6.503 
 
SWAY-CPY 1.063 1.051 1.117 
 
Table E55: Comparison of different nominal model for sway frames without rigid diaphragms 
(Condition 1 vs Condition 2) 
Sway Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFY-CFY 1.078 1.072 0.564 
 
BFY-CPY 1.061 1.061 0.022 
 
SWAY-CPY 1.042 0.892 14.363 
Frame 2 BFY-CFY 1.080 1.076 0.395 
 
BFY-CPY 1.088 1.046 3.894 
 
SWAY-CPY 1.059 0.893 15.718 
Frame 3 BFY-CFY 1.059 1.057 0.230 
 
BFY-CPY 1.119 0.998 10.792 
 
SWAY-CPY 0.984 0.880 10.544 
Frame 4 BFY-CFY 1.060 1.060 0.023 
 
BFY-CPY 1.024 1.013 1.082 
 
SWAY-CPY 0.971 0.833 14.170 
Frame 5 BFY-CFY 1.075 1.068 0.701 
 
BFY-CPY 1.023 1.020 0.265 
 
SWAY-CPY 1.049 0.928 11.591 
Frame 6 BFY-CFY 1.059 1.060 0.112 
 
BFY-CPY 1.069 1.056 1.214 
 
SWAY-CPY 1.051 0.974 7.334 
Frame 7 BFY-CFY 1.049 1.083 3.245 
 
BFY-CPY 1.042 1.036 0.659 
 
SWAY-CPY 1.044 0.963 7.744 
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Frame 8 BFY-CFY 1.065 1.014 4.829 
 
BFY-CPY 1.076 1.065 1.012 
 
SWAY-CPY 1.041 1.030 1.014 
 
Table E56: System resistance factors (φsystem) for sway frame without rigid diaphragms 
consider nominal model under Condition 2 
Sway Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.00 β=3.50 
Frame 1 BFTB-BPY-CPY 0.95 0.097 0.84 0.79 0.75 0.67 
 
SWAY-CPY 0.86 0.101 0.75 0.71 0.67 0.60 
Frame 2 BFTB-BPY-CPY 0.94 0.089 0.84 0.80 0.75 0.67 
 
SWAY-CPY 0.89 0.132 0.75 0.71 0.67 0.59 
Frame 3 BFTB-BPY-CPY 0.95 0.089 0.85 0.80 0.76 0.68 
 
SWAY-CPY 0.88 0.109 0.77 0.73 0.69 0.61 
Frame 4 BFTB-BPY-CPY 0.94 0.092 0.84 0.79 0.75 0.67 
 
SWAY-CPY 0.84 0.103 0.73 0.69 0.66 0.58 
Frame 5 BFTB-BPY-CPY 0.92 0.089 0.82 0.78 0.74 0.66 
 
SWAY-CPY 0.92 0.106 0.81 0.76 0.72 0.64 
Frame 6 BFTB-BPY-CPY 0.91 0.091 0.81 0.77 0.73 0.65 
 
SWAY-CPY 0.98 0.109 0.86 0.81 0.76 0.68 
Frame 7 BFTB-BPY-CPY 0.87 0.088 0.78 0.74 0.70 0.62 
 
SWAY-CPY 0.94 0.106 0.84 0.79 0.75 0.67 
 
BFTB-BPY-CPY 0.93 0.099 0.82 0.78 0.73 0.65 
Frame 8 SWAY-CPY 1.05 0.112 0.91 0.86 0.81 0.72 
   
Average 0.81 0.77 0.73 0.65 
 
Table E57: System resistance factors (φsystem) for I-section sway frame with rigid diaphragms 
consider nominal model under Condition 2 
Sway Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.00 β=3.50 
Frame 1 BFY-CFY 1.07 0.118 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.06 0.116 0.92 0.86 0.82 0.72 
 
SWAY-CPY 0.89 0.116 0.77 0.73 0.69 0.61 
Frame 2 BFY-CFY 1.08 0.112 0.93 0.88 0.83 0.74 
 
BFY-CPY 1.05 0.113 0.91 0.86 0.81 0.72 
 
SWAY-CPY 0.89 0.136 0.74 0.70 0.66 0.59 
Frame 3 BFY-CFY 1.06 0.116 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.00 0.123 0.85 0.81 0.76 0.67 
 
SWAY-CPY 0.88 0.107 0.77 0.73 0.69 0.61 
Frame 4 BFY-CFY 1.06 0.114 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.01 0.101 0.89 0.84 0.80 0.71 
 
SWAY-CPY 0.83 0.103 0.73 0.69 0.65 0.58 
Frame 5 BFY-CFY 1.07 0.108 0.93 0.88 0.83 0.74 
 
BFY-CPY 1.02 0.114 0.88 0.84 0.79 0.70 
 
SWAY-CPY 0.93 0.104 0.81 0.77 0.73 0.65 
Frame 6 BFY-CFY 1.06 0.117 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.06 0.117 0.91 0.86 0.81 0.72 
 
SWAY-CPY 0.97 0.109 0.85 0.80 0.76 0.67 
Frame 7 BFY-CFY 1.08 0.110 0.94 0.89 0.84 0.75 
 
BFY-CPY 1.04 0.110 0.90 0.85 0.81 0.72 
 
SWAY-CPY 0.96 0.111 0.84 0.79 0.75 0.66 
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Frame 8 BFY-CFY 1.01 0.111 0.88 0.83 0.79 0.70 
 
BFY-CPY 1.07 0.116 0.92 0.87 0.82 0.73 
 
SWAY-CPY 1.03 0.116 0.89 0.84 0.79 0.70 
Average φsystem 0.87 0.82 0.78 0.69 
 
Table E58: Comparison of different nominal model for I-section hinge joint braced frames 
without rigid diaphragms (Condition 1 vs Condition 2) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFTB-BPY 0.951  0.924  2.746  
  CPY 0.818  0.924  12.950  
Frame 2 BFTB-BPY 0.873  0.873  0.000  
Frame 3 BFTB-BPY 0.962  0.922  4.114  
Frame 4 BFTB-BPY 0.948  0.917  3.323  
  CPY 0.973  1.012  3.952  
Frame 5 BFTB-BPY 0.971  0.963  0.790  
Frame 6 BFTB-BPY 0.938  0.972  3.681  
 
Table E59: Comparison of different nominal model for I-section hinge joint braced frames 
with rigid diaphragms (Condition 1 vs Condition 2) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFY 1.057  1.072  1.484  
  BFY-CPY 1.064  1.064  0.016  
  CPY 0.818  0.924  12.950  
Frame 2 BFY 1.076  1.076  0.000  
  BFY-CPY 1.060  1.064  0.414  
Frame 3 BFY 1.068  1.069  0.018  
  BFY-CPY 1.065  1.065  0.000  
Frame 4 BFY 1.065  1.065  0.000  
  BFY-CPY 1.043  1.043  0.000  
Frame 5 BFY 1.050  1.054  0.378  
  BFY-CPY 1.064  1.064  0.021  
  CPY 1.033  1.056  2.236  
Frame 6 BFY 1.060  1.060  0.000  
  BFY-CPY 1.069  1.073  0.379  
 
Table E60: System resistance factors (φsystem) for hinge joint I-section braced frame without 
rigid diaphragms consider nominal model under Condition 2 
Braced 
Frame 
Failure 
mode 
Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY 0.95 0.092 0.85 0.80 0.76 0.68 
 
CPY 0.82 0.094 0.73 0.69 0.65 0.58 
Frame 2 BFTB-BPY 0.87 0.090 0.78 0.74 0.70 0.62 
Frame 3 BFTB-BPY 0.96 0.088 0.86 0.82 0.77 0.69 
Frame 4 BFTB-BPY 0.95 0.087 0.85 0.81 0.76 0.68 
 
CPY 0.97 0.095 0.86 0.82 0.77 0.69 
Frame 5 BFTB-BPY 0.97 0.102 0.85 0.81 0.76 0.68 
Frame 6 BFTB-BPY 0.94 0.087 0.84 0.80 0.75 0.67 
Average φsystem 0.83 0.78 0.74 0.66 
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Table E61: System resistance factors (φsystem) for hinge joint I-section braced frame with rigid 
diaphragms consider nominal model under Condition 2 
Braced 
Frame 
Failure 
mode 
Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 
 
BFY 1.06 0.118 0.91 0.86 0.81 0.72 
BFY-CPY 1.06 0.120 0.92 0.87 0.82 0.73 
CPY 0.82 0.094 0.73 0.69 0.65 0.58 
Frame 2 BFY 1.08 0.118 0.93 0.88 0.83 0.73 
 
BFY-CPY 1.06 0.120 0.91 0.86 0.81 0.72 
Frame 3 BFY 1.07 0.121 0.92 0.86 0.82 0.72 
 
BFY-CPY 1.07 0.120 0.91 0.86 0.81 0.72 
Frame 4 BFY 1.06 0.112 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.04 0.113 0.90 0.85 0.81 0.72 
Frame 5 BFY 1.05 0.122 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.06 0.124 0.91 0.86 0.81 0.72 
 
CPY 1.03 0.120 0.89 0.84 0.79 0.70 
Frame 6 BFY 1.06 0.116 0.91 0.86 0.82 0.72 
 
BFY-CPY 1.07 0.119 0.92 0.87 0.82 0.73 
Average φsystem 0.90 0.85 0.80 0.71 
 
Table E62: Comparison of different nominal model for rigid joint I-section braced frames 
without rigid diaphragms (Condition 1 vs Condition 2) 
Braced 
Frame 
Failure mode 
Rm/Rn  
(Condition 1) 
Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFTB-BPY-CPY 1.002  1.025  2.331  
  CPY 0.916  0.995  8.585  
Frame 2 BFTB-BPY-CPY 0.945  1.005  6.289  
Frame 3 BFTB-BPY-CPY 0.969  1.016  4.762  
Frame 4 BFTB-BPY-CPY 0.991  1.042  5.164  
Frame 5 BFTB-BPY-CPY 0.950  0.995  4.727  
Frame 6 BFTB-BPY-CPY 0.920  0.988  7.421  
 
Table E63: Comparison of different nominal model for rigid joint I-section braced frames 
with rigid diaphragms (Condition 1 vs Condition 2) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFY-CFY 1.058  1.050  0.722  
  BFY-CPY 1.073  1.057  1.476  
  CPY 0.917  1.007  9.753  
Frame 2 BFY-CFY 1.066  1.068  0.213  
  BFY-CPY 1.054  1.077  2.130  
Frame 3 BFY-CFY 1.061  1.060  0.055  
  BFY-CPY 1.066  1.066  0.015  
  CPY 0.928  1.002  7.917  
Frame 4 BFY-CFY 1.072  1.059  1.234  
  BFY-CPY 1.057  1.057  0.044  
  CPY 0.963  1.032  7.231  
Frame 5 BFY-CFY 1.015  1.015  0.000  
  BFY-CPY 1.088  1.087  0.077  
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Frame 6 BFY-CFY 1.062  1.064  0.178  
 
Table E64: System resistance factors (φsystem) for rigid joint I-section braced frame without 
rigid diaphragms consider nominal model under Condition 2 
Braced 
Frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 
BFTB-BPY-CPY 1.00 0.091 0.89 0.85 0.80 0.71 
CPY 0.92 0.089 0.82 0.78 0.73 0.65 
Frame 2 BFTB-BPY-CPY 0.95 0.091 0.84 0.80 0.76 0.67 
Frame 3 BFTB-BPY-CPY 0.97 0.089 0.87 0.82 0.78 0.69 
Frame 4 BFTB-BPY-CPY 0.99 0.090 0.89 0.84 0.79 0.71 
Frame 5 BFTB-BPY-CPY 0.95 0.087 0.85 0.81 0.76 0.68 
Frame 6 BFTB-BPY-CPY 0.92 0.097 0.82 0.77 0.73 0.65 
Average φsystem 0.85 0.81 0.76 0.68 
 
Table E65: System resistance factors (φsystem) for rigid joint I-section braced frame with rigid 
diaphragms consider nominal model under Condition 2 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 
BFY-CFY 1.06 0.115 0.91 0.86 0.81 0.72 
BFY-CPY 1.07 0.115 0.93 0.88 0.83 0.73 
CPY 0.92 0.089 0.82 0.78 0.73 0.66 
Frame 2 
BFY-CFY 1.07 0.107 0.93 0.88 0.83 0.74 
BFY-CPY 1.05 0.119 0.91 0.86 0.81 0.72 
Frame 3 
BFY-CFY 1.06 0.111 0.92 0.87 0.82 0.73 
BFY-CPY 1.07 0.112 0.93 0.87 0.83 0.73 
CPY 0.93 0.093 0.83 0.78 0.74 0.66 
Frame 4 
BFY-CFY 1.07 0.119 0.92 0.87 0.82 0.73 
BFY-CPY 1.06 0.114 0.92 0.86 0.82 0.73 
CPY 0.96 0.079 0.87 0.83 0.78 0.70 
Frame 5 
BFY-CFY 1.01 0.126 0.86 0.81 0.77 0.68 
BFY-CPY 1.09 0.123 0.93 0.88 0.83 0.73 
Frame 6 BFY-CFY 1.06 0.120 0.91 0.86 0.81 0.72 
Average φsystem 0.89 0.84 0.80 0.71 
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Table E66: Comparison of different nominal model for I-section sway frames without rigid 
diaphragms (Condition 1 vs Condition 3) 
Sway 
Frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 3) Difference (%) 
Frame 1 BFTB-BPY-CPY 1.009 1.010 0.072 
 
SWAY-CPY 1.001 0.766 23.486 
Frame 2 BFTB-BPY-CPY 1.004 1.004 0.024 
 
SWAY-CPY 1.053 0.605 42.519 
Frame 3 BFTB-BPY-CPY 1.025 1.021 0.392 
 
SWAY-CPY 0.971 0.971 0.013 
Frame 4 BFTB-BPY-CPY 1.003 0.987 1.568 
 
SWAY-CPY 0.972 0.674 30.607 
Frame 5 BFTB-BPY-CPY 0.998 0.959 3.941 
 
SWAY-CPY 1.041 0.947 8.971 
Frame 6 BFTB-BPY-CPY 0.977 1.001 2.449 
 
SWAY-CPY 1.056 0.980 7.154 
Frame 7 BFTB-BPY-CPY 0.988 0.950 3.924 
 
SWAY-CPY 0.966 1.047 8.328 
Frame 8 BFTB-BPY-CPY 0.991 0.976 1.496 
 
SWAY-CPY 1.063 1.063 0.046 
 
Table E67: Comparison of different nominal model for I-section sway frames with rigid 
diaphragms (Condition 1 vs Condition 3) 
Sway Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 3) Difference (%) 
Frame 1 BFY-CFY 1.078 1.044 3.171 
 
BFY-CPY 1.061 1.061 0.029 
 
SWAY-CPY 1.042 0.558 46.466 
Frame 2 BFY-CFY 1.080 1.080 0.028 
 
BFY-CPY 1.088 1.046 3.818 
 
SWAY-CPY 1.059 0.554 47.709 
Frame 3 BFY-CFY 1.059 1.059 0.034 
 
BFY-CPY 1.119 1.000 10.634 
 
SWAY-CPY 0.984 0.983 0.059 
Frame 4 BFY-CFY 1.060 1.062 0.230 
 
BFY-CPY 1.024 1.000 2.310 
 
SWAY-CPY 0.971 0.674 30.536 
Frame 5 BFY-CFY 1.075 1.080 0.394 
 
BFY-CPY 1.023 1.024 0.089 
 
SWAY-CPY 1.049 0.991 5.551 
Frame 6 BFY-CFY 1.059 1.059 0.000 
 
BFY-CPY 1.069 1.047 2.064 
 
SWAY-CPY 1.051 1.048 0.247 
Frame 7 BFY-CFY 1.049 1.049 0.038 
 
BFY-CPY 1.042 1.041 0.166 
 
SWAY-CPY 1.044 1.041 0.329 
Frame 8 BFY-CFY 1.065 1.065 0.004 
 
BFY-CPY 1.076 1.064 1.093 
 
SWAY-CPY 1.041 1.041 0.019 
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Table E68: System resistance factors (φsystem) for I-section sway frame without rigid 
diaphragms consider nominal model under Condition 3 
Sway 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 1.01 0.097 0.89 0.85 0.80 0.71 
 
SWAY-CPY 0.77 0.101 0.68 0.64 0.60 0.53 
Frame 2 BFTB-BPY-CPY 1.00 0.089 0.90 0.85 0.80 0.72 
 
SWAY-CPY 0.61 0.132 0.51 0.48 0.45 0.40 
Frame 3 BFTB-BPY-CPY 1.02 0.089 0.91 0.86 0.82 0.73 
 
SWAY-CPY 0.97 0.109 0.85 0.80 0.76 0.67 
Frame 4 BFTB-BPY-CPY 0.99 0.092 0.88 0.83 0.79 0.70 
 
SWAY-CPY 0.67 0.103 0.59 0.56 0.53 0.47 
Frame 5 BFTB-BPY-CPY 0.96 0.089 0.86 0.81 0.77 0.69 
 
SWAY-CPY 0.95 0.106 0.83 0.78 0.74 0.66 
Frame 6 BFTB-BPY-CPY 1.00 0.091 0.89 0.85 0.80 0.71 
 
SWAY-CPY 0.98 0.109 0.85 0.81 0.76 0.68 
Frame 7 BFTB-BPY-CPY 0.95 0.088 0.85 0.81 0.76 0.68 
 
SWAY-CPY 1.05 0.106 0.94 0.89 0.84 0.75 
Frame 8 BFTB-BPY-CPY 0.98 0.099 0.86 0.82 0.77 0.69 
 
SWAY-CPY 1.06 0.112 0.92 0.87 0.82 0.73 
Average φsystem 0.83 0.78 0.74 0.66 
 
Table E69: System resistance factors (φsystem) for I-section sway frame with rigid diaphragms 
consider nominal model under Condition 3 
Sway Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY-CFY 1.04 0.118 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.06 0.116 0.92 0.87 0.82 0.73 
 
SWAY-CPY 0.56 0.116 0.48 0.46 0.43 0.38 
Frame 2 BFY-CFY 1.08 0.112 0.94 0.89 0.84 0.74 
 
BFY-CPY 1.05 0.113 0.91 0.86 0.81 0.72 
 
SWAY-CPY 0.55 0.136 0.47 0.44 0.42 0.37 
Frame 3 BFY-CFY 1.06 0.116 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.00 0.123 0.85 0.81 0.76 0.67 
 
SWAY-CPY 0.98 0.107 0.86 0.81 0.77 0.68 
Frame 4 BFY-CFY 1.06 0.114 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.00 0.101 0.88 0.83 0.79 0.70 
 
SWAY-CPY 0.67 0.103 0.59 0.56 0.53 0.47 
Frame 5 BFY-CFY 1.08 0.108 0.94 0.89 0.84 0.75 
 
BFY-CPY 1.02 0.114 0.89 0.84 0.79 0.70 
 
SWAY-CPY 0.99 0.104 0.87 0.82 0.78 0.69 
Frame 6 BFY-CFY 1.06 0.117 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.05 0.117 0.90 0.85 0.80 0.71 
 
SWAY-CPY 1.05 0.109 0.91 0.86 0.82 0.72 
Frame 7 BFY-CFY 1.05 0.110 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.04 0.110 0.91 0.86 0.81 0.72 
 
SWAY-CPY 1.04 0.111 0.91 0.86 0.81 0.72 
Frame 8 BFY-CFY 1.06 0.111 0.93 0.88 0.83 0.73 
 
BFY-CPY 1.06 0.116 0.92 0.87 0.82 0.73 
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SWAY-CPY 1.04 0.116 0.90 0.85 0.80 0.71 
Average φsystem 0.86 0.81 0.76 0.68 
Table E70: Comparison of different nominal model for hinge joint I-section braced frames 
without rigid diaphragms (Condition 1 vs Condition 3) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 3) Difference (%) 
Frame 1 BFTB-BPY 1.030 0.924 11.389 
 
CPY 0.987 0.924 6.875 
Frame 2 BFTB-BPY 0.987 0.873 13.036 
Frame 3 BFTB-BPY 1.028 0.922 11.466 
Frame 4 BFTB-BPY 1.019 0.917 11.196 
 
CPY 0.996 1.012 1.523 
Frame 5 BFTB-BPY 1.043 0.963 8.318 
Frame 6 BFTB-BPY 1.027 0.972 5.674 
 
Table E71: Comparison of different nominal model for hinge joint I-section braced frames 
with rigid diaphragms (Condition 1 vs Condition 3) 
Braced Frame Failure mode 
Rm/Rn  
(Condition 1) 
Rm/Rn 
(Condition 3) 
Difference (%) 
Frame 1 BFY 1.077  1.072  0.405  
  BFY-CPY 1.064  1.064  0.011  
  CPY 0.987  0.924  6.875  
Frame 2 BFY 1.077  1.076  0.033  
  BFY-CPY 1.064  1.064  0.000  
Frame 3 BFY 1.069  1.069  0.000  
  BFY-CPY 1.065  1.065  0.000  
Frame 4 BFY 1.062  1.065  0.284  
  BFY-CPY 1.043  1.043  0.000  
Frame 5 BFY 1.054  1.054  0.000  
  BFY-CPY 1.064  1.064  0.000  
  CPY 1.085  1.056  2.757  
Frame 6 BFY 1.064  1.060  0.328  
  BFY-CPY 1.073  1.073  0.000  
 
Table E72: System resistance factors (φsystem) for hinge joint I-section braced frame without 
rigid diaphragms consider nominal model under Condition 3 
Braced Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY 0.92 0.092 0.82 0.78 0.74 0.66 
 
CPY 0.92 0.094 0.82 0.78 0.74 0.66 
Frame 2 BFTB-BPY 0.87 0.090 0.78 0.74 0.70 0.62 
Frame 3 BFTB-BPY 0.92 0.088 0.83 0.78 0.74 0.66 
Frame 4 BFTB-BPY 0.92 0.087 0.82 0.78 0.74 0.66 
 
CPY 1.01 0.095 0.90 0.85 0.80 0.72 
Frame 5 BFTB-BPY 0.96 0.102 0.85 0.80 0.76 0.67 
Frame 6 BFTB-BPY 0.97 0.087 0.87 0.82 0.78 0.70 
Average φsystem 0.84 0.79 0.75 0.67 
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Table E73: System resistance factors (φsystem) for hinge joint I-section braced frame with rigid 
diaphragms consider nominal model under Condition 3 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY 1.07 0.118 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.06 0.120 0.92 0.87 0.82 0.73 
 
CPY 0.92 0.094 0.82 0.78 0.74 0.66 
Frame 2 BFY 1.08 0.118 0.93 0.88 0.83 0.73 
 
BFY-CPY 1.06 0.120 0.91 0.86 0.81 0.72 
Frame 3 BFY 1.07 0.121 0.92 0.87 0.82 0.72 
 
BFY-CPY 1.07 0.120 0.91 0.86 0.81 0.72 
Frame 4 BFY 1.06 0.112 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.04 0.113 0.90 0.85 0.81 0.72 
Frame 5 BFY 1.05 0.122 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.06 0.124 0.91 0.86 0.81 0.72 
 
CPY 1.06 0.120 0.91 0.85 0.81 0.72 
Frame 6 BFY 1.06 0.116 0.92 0.86 0.82 0.72 
 
BFY-CPY 1.07 0.119 0.92 0.87 0.82 0.73 
Average φsystem 0.91 0.86 0.81 0.72 
 
Table E74: Comparison of different nominal model for rigid joint I-section braced frames 
without rigid diaphragms (Condition 1 vs Condition 3) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 3) Difference (%) 
Frame 1 FTB-BPY-CPY 1.031 1.025 0.558 
 
CPY 0.994 0.995 0.086 
Frame 2 FTB-BPY-CPY 1.005 1.005 0.000 
Frame 3 FTB-BPY-CPY 1.016 1.016 0.000 
Frame 4 FTB-BPY-CPY 1.055 1.042 1.245 
Frame 5 FTB-BPY-CPY 1.004 0.995 0.825 
Frame 6 FTB-BPY-CPY 0.987 0.988 0.075 
 
Table E75: Comparison of different nominal model for rigid joint I-section braced frames 
with rigid diaphragms (Condition 1 vs Condition 3) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 3) Difference (%) 
Frame 1 BFY-CFY 1.051 1.050 0.080 
 
BFY-CPY 1.058 1.057 0.070 
CPY 1.002 1.007 0.485 
Frame 2 
BFY-CFY 1.068 1.068 0.000 
BFY-CPY 1.077 1.077 0.000 
Frame 3 
BFY-CFY 1.060 1.060 0.000 
BFY-CPY 1.066 1.066 0.000 
CPY 1.003 1.002 0.122 
Frame 4 
BFY-CFY 1.059 1.059 0.000 
BFY-CPY 1.057 1.057 0.000 
CPY 1.033 1.032 0.053 
Frame 5 
BFY-CFY 1.015 1.015 0.000 
BFY-CPY 1.088 1.087 0.077 
Frame 6 BFY-CFY 1.063 1.064 0.059 
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Table E76: System resistance factors (φsystem) for rigid joint I-section braced frame without 
rigid diaphragms consider nominal model under Condition 3 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 1.02 0.091 0.91 0.87 0.82 0.73 
 
CPY 0.99 0.089 0.89 0.84 0.80 0.71 
Frame 2 BFTB-BPY-CPY 1.00 0.091 0.90 0.85 0.80 0.72 
Frame 3 BFTB-BPY-CPY 1.02 0.089 0.91 0.86 0.81 0.73 
Frame 4 BFTB-BPY-CPY 1.04 0.090 0.93 0.88 0.83 0.74 
Frame 5 BFTB-BPY-CPY 1.00 0.087 0.89 0.84 0.80 0.71 
Frame 6 BFTB-BPY-CPY 0.99 0.097 0.88 0.83 0.78 0.70 
Average φsystem 0.90 0.85 0.81 0.72 
 
Table E77: System resistance factors (φsystem) for rigid joint I-section braced frame with rigid 
diaphragms consider nominal model under Condition 3 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 
BFY-CFY 1.05 0.115 0.91 0.86 0.81 0.72 
BFY-CPY 1.06 0.115 0.91 0.86 0.81 0.72 
CPY 1.01 0.089 0.90 0.85 0.81 0.72 
Frame 2 
BFY-CFY 1.07 0.107 0.93 0.88 0.83 0.74 
BFY-CPY 1.08 0.119 0.93 0.87 0.82 0.73 
Frame 3 
BFY-CFY 1.06 0.111 0.92 0.87 0.82 0.73 
BFY-CPY 1.07 0.112 0.93 0.87 0.83 0.73 
CPY 1.00 0.093 0.89 0.84 0.80 0.71 
Frame 4 
BFY-CFY 1.06 0.119 0.91 0.86 0.81 0.72 
BFY-CPY 1.06 0.114 0.92 0.86 0.82 0.73 
CPY 1.03 0.079 0.93 0.88 0.84 0.75 
Frame 5 
BFY-CFY 1.01 0.126 0.86 0.81 0.77 0.68 
BFY-CPY 1.09 0.123 0.93 0.88 0.83 0.73 
Frame 6 BFY-CFY 1.06 0.120 0.91 0.86 0.81 0.72 
Average φsystem 0.91 0.86 0.81 0.72 
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Table E78: Comparison of different nominal model for I-section sway frames without rigid 
diaphragms (Condition 1 vs Condition 4) 
Sway 
Frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFTB-BPY-CPY 1.009 0.948 6.080 
 
SWAY-CPY 1.001 0.752 24.837 
Frame 2 BFTB-BPY-CPY 1.004 0.941 6.316 
 
SWAY-CPY 1.053 0.506 51.947 
Frame 3 BFTB-BPY-CPY 1.025 0.946 7.694 
 
SWAY-CPY 0.971 0.878 9.629 
Frame 4 BFTB-BPY-CPY 1.003 0.925 7.800 
 
SWAY-CPY 0.972 0.674 30.607 
Frame 5 BFTB-BPY-CPY 0.998 0.919 7.962 
 
SWAY-CPY 1.041 0.891 14.349 
Frame 6 BFTB-BPY-CPY 0.977 0.912 6.692 
 
SWAY-CPY 1.056 0.974 7.722 
Frame 7 BFTB-BPY-CPY 0.988 0.875 11.504 
 
SWAY-CPY 0.966 0.925 4.308 
Frame 8 BFTB-BPY-CPY 0.991 0.929 6.211 
 
SWAY-CPY 1.063 1.047 1.550 
 
Table E79: Comparison of different nominal model for I-section sway frames with rigid 
diaphragms (Condition 1 vs Condition 4) 
Sway Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFY-CFY 1.078 1.044 3.171 
 
BFY-CPY 1.061 1.061 0.022 
 
SWAY-CPY 1.042 0.512 50.839 
Frame 2 BFY-CFY 1.080 1.077 0.269 
 
BFY-CPY 1.088 1.045 3.931 
 
SWAY-CPY 1.059 0.507 52.136 
Frame 3 BFY-CFY 1.059 1.058 0.132 
 
BFY-CPY 1.119 0.842 24.766 
 
SWAY-CPY 0.984 0.862 12.447 
Frame 4 BFY-CFY 1.060 1.059 0.131 
 
BFY-CPY 1.024 1.002 2.108 
 
SWAY-CPY 0.971 0.656 32.489 
Frame 5 BFY-CFY 1.075 1.073 0.235 
 
BFY-CPY 1.023 1.020 0.327 
 
SWAY-CPY 1.049 0.898 14.396 
Frame 6 BFY-CFY 1.059 1.059 0.000 
 
BFY-CPY 1.069 1.048 1.979 
 
SWAY-CPY 1.051 0.970 7.686 
Frame 7 BFY-CFY 1.049 1.048 0.113 
 
BFY-CPY 1.042 1.035 0.741 
 
SWAY-CPY 1.044 0.957 8.303 
Frame 8 BFY-CFY 1.065 1.013 4.879 
 
BFY-CPY 1.076 1.064 1.085 
 
SWAY-CPY 1.041 1.012 2.790 
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Table E80: System resistance factors (φsystem) for I-section sway frame without rigid 
diaphragms consider nominal model under Condition 4 
Sway Frame Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 0.95 0.097 0.84 0.79 0.75 0.67 
 
SWAY-CPY 0.75 0.101 0.66 0.63 0.59 0.52 
Frame 2 BFTB-BPY-CPY 0.94 0.089 0.84 0.80 0.75 0.67 
 
SWAY-CPY 0.51 0.132 0.44 0.42 0.40 0.37 
Frame 3 BFTB-BPY-CPY 0.95 0.089 0.85 0.80 0.76 0.68 
 
SWAY-CPY 0.88 0.109 0.77 0.72 0.68 0.61 
Frame 4 BFTB-BPY-CPY 0.92 0.092 0.82 0.78 0.74 0.66 
 
SWAY-CPY 0.67 0.103 0.59 0.56 0.53 0.47 
Frame 5 BFTB-BPY-CPY 0.92 0.089 0.82 0.78 0.74 0.66 
 
SWAY-CPY 0.89 0.106 0.78 0.74 0.70 0.62 
Frame 6 BFTB-BPY-CPY 0.91 0.091 0.81 0.77 0.73 0.65 
 
SWAY-CPY 0.97 0.109 0.85 0.80 0.76 0.67 
Frame 7 BFTB-BPY-CPY 0.87 0.088 0.78 0.74 0.70 0.63 
 
SWAY-CPY 0.92 0.106 0.83 0.79 0.74 0.66 
Frame 8 BFTB-BPY-CPY 0.93 0.099 0.82 0.78 0.73 0.65 
 
SWAY-CPY 1.05 0.112 0.91 0.86 0.81 0.72 
Average φsystem 0.78 0.73 0.69 0.62 
 
Table E81: System resistance factors (φsystem) for I-section sway frame with rigid diaphragms 
consider nominal model under Condition 4 
Sway 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY-CFY 1.04 0.118 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.06 0.116 0.92 0.86 0.82 0.72 
 
SWAY-CPY 0.51 0.116 0.46 0.43 0.41 0.37 
Frame 2 BFY-CFY 1.08 0.112 0.94 0.88 0.83 0.74 
 
BFY-CPY 1.05 0.113 0.91 0.86 0.81 0.72 
 
SWAY-CPY 0.51 0.136 0.45 0.42 0.40 0.36 
Frame 3 BFY-CFY 1.06 0.116 0.91 0.86 0.81 0.72 
 
BFY-CPY 0.84 0.123 0.72 0.68 0.64 0.57 
 
SWAY-CPY 0.86 0.107 0.75 0.71 0.67 0.60 
Frame 4 BFY-CFY 1.06 0.114 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.00 0.101 0.88 0.83 0.79 0.70 
 
SWAY-CPY 0.66 0.103 0.58 0.54 0.51 0.45 
Frame 5 BFY-CFY 1.07 0.108 0.94 0.89 0.84 0.74 
 
BFY-CPY 1.02 0.114 0.88 0.83 0.79 0.70 
 
SWAY-CPY 0.90 0.104 0.79 0.75 0.71 0.63 
Frame 6 BFY-CFY 1.06 0.117 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.05 0.117 0.90 0.85 0.81 0.71 
 
SWAY-CPY 0.97 0.109 0.85 0.80 0.75 0.67 
Frame 7 BFY-CFY 1.05 0.110 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.03 0.110 0.90 0.85 0.80 0.72 
 
SWAY-CPY 0.96 0.111 0.83 0.79 0.74 0.66 
Frame 8 BFY-CFY 1.01 0.111 0.88 0.83 0.79 0.70 
 
BFY-CPY 1.06 0.116 0.92 0.87 0.82 0.73 
 
SWAY-CPY 1.01 0.116 0.87 0.83 0.78 0.69 
Average φsystem 0.83 0.78 0.74 0.66 
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Table E82: Comparison of different nominal model for hinge joint I-section braced frames 
without rigid diaphragms (Condition 1 vs Condition 4) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFTB-BPY 0.870  0.924  0.058  
  CPY 0.852  0.924  0.078  
Frame 2 BFTB-BPY 0.829  0.873  0.051  
Frame 3 BFTB-BPY 0.901  0.922  0.023  
Frame 4 BFTB-BPY 0.897  0.917  0.021  
  CPY 0.950  1.012  0.061  
Frame 5 BFTB-BPY 0.866  0.963  0.101  
Frame 6 BFTB-BPY 0.848  0.972  0.128  
 
Table E83: Comparison of different nominal model for hinge joint I-section braced frames 
with rigid diaphragms (Condition 1 vs Condition 4) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFY 1.057  1.072  0.015  
  BFY-CPY 1.064  1.064  0.000  
  CPY 0.852  0.924  0.078  
Frame 2 BFY 1.076  1.076  0.000  
  BFY-CPY 1.060  1.064  0.004  
Frame 3 BFY 1.068  1.069  0.000  
  BFY-CPY 1.065  1.065  0.000  
Frame 4 BFY 1.065  1.065  0.000  
  BFY-CPY 1.043  1.043  0.000  
Frame 5 BFY 1.050  1.054  0.004  
 BFY-CPY 1.064  1.064  0.000  
  CPY 0.990  1.056  0.062  
Frame 6 BFY 1.060  1.060  0.000  
  BFY-CPY 1.069  1.073  0.004  
 
Table E84: System resistance factors (φsystem) for hinge joint I-section braced frame without 
rigid diaphragms consider nominal model under Condition 4 
Braced 
Frame 
Failure Mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY 0.87 0.092 0.78 0.73 0.69 0.62 
 
CPY 0.85 0.094 0.76 0.72 0.68 0.60 
Frame 2 BFTB-BPY 0.83 0.090 0.74 0.70 0.66 0.59 
Frame 3 BFTB-BPY 0.90 0.088 0.81 0.76 0.72 0.65 
Frame 4 
BFTB-BPY 0.90 0.087 0.80 0.76 0.72 0.64 
CPY 0.95 0.095 0.84 0.80 0.75 0.67 
Frame 5 BFTB-BPY 0.87 0.102 0.76 0.72 0.68 0.61 
Frame 6 BFTB-BPY 0.85 0.087 0.76 0.72 0.68 0.61 
Average φsystem 0.78 0.74 0.70 0.62 
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Table E85: System resistance factors (φsystem) for hinge joint I-section braced frame with rigid 
diaphragms consider nominal model under Condition 4 
Braced Frame Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY 1.06 0.118 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.06 0.120 0.92 0.87 0.82 0.73 
 
CPY 0.85 0.094 0.76 0.72 0.68 0.60 
Frame 2 
BFY 1.08 0.118 0.93 0.88 0.83 0.73 
BFY-CPY 1.06 0.120 0.91 0.86 0.81 0.72 
Frame 3 BFY 1.07 0.121 0.92 0.86 0.82 0.72 
 
BFY-CPY 1.07 0.120 0.91 0.86 0.81 0.72 
Frame 4 BFY 1.06 0.112 0.92 0.87 0.82 0.73 
 
BFY-CPY 1.04 0.113 0.90 0.85 0.81 0.72 
Frame 5 BFY 1.05 0.122 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.06 0.124 0.91 0.86 0.81 0.72 
 
CPY 0.99 0.120 0.85 0.80 0.76 0.67 
Frame 6 BFY 1.06 0.116 0.92 0.86 0.82 0.72 
 
BFY-CPY 1.07 0.119 0.92 0.87 0.82 0.73 
Average φsystem 0.90 0.85 0.80 0.71 
 
Table E86: Comparison of different nominal model for rigid joint I-section braced frames 
without rigid diaphragms (Condition 1 vs Condition 4) 
Braced 
Frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFTB-BPY-CPY 0.957  1.025  0.066  
  CPY 0.913  0.995  0.083  
Frame 2 BFTB-BPY-CPY 0.945  1.005  0.059  
Frame 3 BFTB-BPY-CPY 0.921  1.016  0.093  
Frame 4 BFTB-BPY-CPY 0.954  1.042  0.085  
Frame 5 BFTB-BPY-CPY 0.924  0.995  0.072  
Frame 6 BFTB-BPY-CPY 0.923  0.988  0.066  
 
Table E87: Comparison of different nominal model for rigid joint I-section braced frames 
with rigid diaphragms (Condition 1 vs Condition 4) 
Braced Frame Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFY-CFY 1.058  1.050  0.007  
  BFY-CPY 1.073  1.057  0.015  
  CPY 0.922  1.007  0.084  
Frame 2 BFY-CFY 1.066  1.068  0.002  
  BFY-CPY 1.054  1.077  0.021  
Frame 3 BFY-CFY 1.061  1.060  0.001  
  BFY-CPY 1.066  1.066  0.000  
  CPY 0.929  1.002  0.073  
Frame 4 BFY-CFY 1.072  1.059  0.012  
  BFY-CPY 1.057  1.057  0.000  
  CPY 0.963  1.032  0.067  
Frame 5 BFY-CFY 1.015  1.015  0.000  
  BFY-CPY 1.088  1.087  0.001  
Frame 6 BFY-CFY 1.062  1.064  0.002  
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Table E88: System resistance factors (φsystem) for rigid joint I-section braced frame without 
rigid diaphragms consider nominal model under Condition 4 
Braced 
Frame  
Failure mode  Rm/Rn   COV  
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFTB-BPY-CPY 0.96 0.091 0.85 0.81 0.76 0.68 
 CPY 0.91 0.089 0.82 0.77 0.73 0.65 
Frame 2 BFTB-BPY-CPY 0.95 0.091 0.84 0.80 0.76 0.67 
Frame 3 BFTB-BPY-CPY 0.92 0.089 0.82 0.78 0.74 0.66 
Frame 4 BFTB-BPY-CPY 0.95 0.090 0.85 0.81 0.76 0.68 
Frame 5 BFTB-BPY-CPY 0.92 0.087 0.83 0.78 0.74 0.66 
Frame 6 BFTB-BPY-CPY 0.92 0.097 0.82 0.77 0.73 0.65 
 Average φsystem 0.83 0.79 0.75 0.67 
 
Table E89: System resistance factors (φsystem) for rigid joint I-section braced frame with rigid 
diaphragms consider nominal model under Condition 4 
Braced 
Frame  
Failure mode  Rm/Rn   COV  
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY-CFY 1.06 0.115 0.91 0.86 0.81 0.72 
 BFY-CPY 1.07 0.115 0.93 0.88 0.83 0.73 
 CPY 0.92 0.089 0.82 0.78 0.74 0.66 
Frame 2 BFY-CFY 1.07 0.107 0.93 0.88 0.83 0.74 
BFY-CPY 1.05 0.119 0.91 0.86 0.81 0.72 
Frame 3 BFY-CFY 1.06 0.111 0.92 0.87 0.82 0.73 
 BFY-CPY 1.07 0.112 0.93 0.87 0.83 0.73 
 CPY 0.93 0.093 0.83 0.78 0.74 0.66 
Frame 4 BFY-CFY 1.07 0.119 0.92 0.87 0.82 0.73 
 BFY-CPY 1.06 0.114 0.92 0.87 0.82 0.73 
 CPY 0.96 0.079 0.87 0.83 0.78 0.70 
Frame 5 BFY-CFY 1.01 0.126 0.86 0.81 0.77 0.68 
 BFY-CPY 1.09 0.123 0.93 0.88 0.83 0.73 
Frame 6 BFY-CFY 1.06 0.120 0.91 0.86 0.81 0.72 
 Average φsystem 0.90 0.85 0.80 0.71 
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Appendix F-System-based design criteria for HSS 
steel frames 
F.1 System-based design of HSS sway frame under gravity 
loads using Method 2 
Table F1: System-based design of Sway Frame 1 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 SHS150×100×10 
1.155 0.123 1.07 1.079 
BX1-2 SHS150×100×10 
BZ1-1 SHS150×100×10 
BZ1-2 SHS150×100×10 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-
CFY 
BX1-1 SHS250×250×9 
2.014 0.119 1.909 1.055 
BX1-2 SHS250×250×9 
BZ1-1 SHS250×250×9 
BZ1-2 SHS250×250×9 
C1-1 SHS250×250×9 
C1-2 SHS250×250×9 
C1-3 SHS250×250×9 
C1-4 SHS250×250×9 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-
CPY 
BX1-1 SHS250×250×16 
1.704 0.110 1.606 1.061 
BX1-2 SHS250×250×16 
BZ1-1 SHS250×250×16 
BZ1-2 SHS250×250×16 
C1-1 SHS250×250×6 
C1-2 SHS250×250×6 
C1-3 SHS250×250×6 
C1-4 SHS250×250×6 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
SWAY-
CPY 
BX1-1 RHS400×300×12.5 
0.989 0.099 0.989 1 BX1-2 RHS400×300×12.5 
BZ1-1 RHS400×300×12.5 
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BZ1-2 RHS400×300×12.5 
C1-1 SHS100×100×5 
C1-2 SHS100×100×5 
C1-3 SHS100×100×5 
C1-4 SHS100×100×5 
 
Table F2: System-based design of Sway Frame 2 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS300×200×6 
1.205 0.106 1.267 1.046 
BX1-2 RHS300×200×6 
BX2-1 RHS300×200×6 
BX2-2 RHS300×200×6 
BX3-1 RHS250×150×6 
BX3-2 RHS250×150×6 
BZ1-1 RHS300×200×6 
BZ1-2 RHS300×200×6 
BZ2-1 RHS300×200×6 
BZ2-2 RHS300×200×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS250×150×6 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS300×200×6 
1.774 0.114 1.713 1.036 
BX1-2 RHS300×200×6 
BX2-1 RHS300×200×6 
BX2-2 RHS300×200×6 
BX3-1 RHS250×150×9 
BX3-2 RHS250×150×9 
BZ1-1 RHS300×200×6 
BZ1-2 RHS300×200×6 
BZ2-1 RHS300×200×6 
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BZ2-2 RHS300×200×6 
BZ3-1 RHS250×150×9 
BZ3-2 RHS250×150×9 
C1-1 SHS250×250×10 
C1-2 SHS250×250×10 
C1-3 SHS250×250×10 
C1-4 SHS250×250×10 
C2-1 SHS250×250×10 
C2-2 SHS250×250×10 
C2-3 SHS250×250×10 
C2-4 SHS250×250×10 
C3-1 SHS250×250×10 
C3-2 SHS250×250×10 
C3-3 SHS250×250×10 
C3-4 SHS250×250×10 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS300×200×6 
1.786 0.121 1.713 1.031 
BX1-2 RHS300×200×6 
BX2-1 RHS300×200×6 
BX2-2 RHS300×200×6 
BX3-1 RHS250×150×9 
BX3-2 RHS250×150×9 
BZ1-1 RHS300×200×6 
BZ1-2 RHS300×200×6 
BZ2-1 RHS300×200×6 
BZ2-2 RHS300×200×6 
BZ3-1 RHS250×150×9 
BZ3-2 RHS250×150×9 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
Failure 
 Mode 
Members Section λm COV λn Rm/Rn 
SWAY 
-CPY 
BX1-1 RHS350×250×12.5 
1.407 0.091 1.399 1.006 
BX1-2 RHS350×250×12.5 
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BX2-1 RHS350×250×12.5 
BX2-2 RHS350×250×12.5 
BX3-1 RHS350×250×12.5 
BX3-2 RHS350×250×12.5 
BZ1-1 RHS350×250×12.5 
BZ1-2 RHS350×250×12.5 
BZ2-1 RHS350×250×12.5 
BZ2-2 RHS350×250×12.5 
BZ3-1 RHS350×250×12.5 
BZ3-2 RHS350×250×12.5 
C1-1 SHS150×150×8 
C1-2 SHS150×150×8 
C1-3 SHS150×150×8 
C1-4 SHS150×150×8 
C2-1 SHS150×150×8 
C2-2 SHS150×150×8 
C2-3 SHS150×150×8 
C2-4 SHS150×150×8 
C3-1 SHS150×150×8 
C3-2 SHS150×150×8 
C3-3 SHS150×150×8 
C3-4 SHS150×150×8 
 
Table F3: System-based design of Sway Frame 3 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×5 
1.115 0.111 1.059 1.053 
BX1-2 RHS300×200×6 
BX1-3 RHS250×150×5 
BX1-4 RHS250×150×5 
BX2-1 RHS250×150×5 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 
BX2-4 RHS250×150×5 
BZ1-1 RHS200×100×6 
BZ1-2 RHS300×200×6 
BZ1-3 RHS200×100×6 
BZ2-1 RHS250×150×5 
BZ2-2 RHS300×200×6 
BZ2-3 RHS250×150×5 
C1-1 SHS200×200×9 
C1-2 SHS200×200×9 
C1-3 SHS250×250×10 
C1-4 SHS200×200×9 
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C1-5 SHS200×200×9 
C1-6 SHS250×250×10 
C2-1 SHS200×200×9 
C2-2 SHS200×200×9 
C2-3 SHS250×250×10 
C2-4 SHS200×200×9 
C2-5 SHS200×200×9 
C2-6 SHS250×250×10 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×5 
1.807 0.111 1.714 1.054 
BX1-2 RHS300×200×6 
BX1-3 RHS250×150×5 
BX1-4 RHS300×200×6 
BX2-1 RHS250×150×5 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 
BX2-4 RHS300×200×6 
BZ1-1 RHS250×150×5 
BZ1-2 RHS300×200×6 
BZ1-3 RHS250×150×5 
BZ2-1 RHS250×150×5 
BZ2-2 RHS300×200×6 
BZ2-3 RHS250×150×5 
C1-1 SHS200×200×9 
C1-2 SHS200×200×9 
C1-3 SHS200×200×9 
C1-4 SHS200×200×9 
C1-5 SHS200×200×9 
C1-6 SHS200×200×9 
C2-1 SHS200×200×9 
C2-2 SHS200×200×8 
C2-3 SHS200×200×8 
C2-4 SHS200×200×9 
C2-5 SHS200×200×8 
C2-6 SHS200×200×8 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS250×150×5 
1.994 0.106 1.875 1.063 
BX1-2 RHS300×200×6 
BX1-3 RHS250×150×5 
BX1-4 RHS300×200×6 
BX2-1 RHS250×150×5 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 
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BX2-4 RHS300×200×6 
BZ1-1 RHS200×100×6 
BZ1-2 RHS300×200×6 
BZ1-3 RHS200×100×6 
BZ2-1 RHS250×150×5 
BZ2-2 RHS300×200×6 
BZ2-3 RHS250×150×5 
C1-1 SHS200×200×9 
C1-2 SHS200×200×9 
C1-3 SHS250×250×10 
C1-4 SHS200×200×9 
C1-5 SHS200×200×9 
C1-6 SHS250×250×10 
C2-1 SHS200×200×9 
C2-2 SHS200×200×9 
C2-3 SHS250×250×10 
C2-4 SHS200×200×9 
C2-5 SHS200×200×9 
C2-6 SHS250×250×10 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
SWAY 
-CPY 
BX1-1 RHS300×200×8 
1.351 0.090 1.329 1.016 
BX1-2 RHS300×200×8 
BX1-3 RHS300×200×8 
BX1-4 RHS300×200×8 
BX2-1 RHS300×200×8 
BX2-2 RHS250×150×16 
BX2-3 RHS300×200×8 
BX2-4 RHS250×150×16 
BZ1-1 RHS300×200×8 
BZ1-2 SHS300×300×8 
BZ1-3 RHS300×200×8 
BZ2-1 RHS300×200×8 
BZ2-2 RHS300×200×8 
BZ2-3 RHS300×200×8 
C1-1 SHS150×150×5 
C1-2 SHS150×150×5 
C1-3 SHS150×150×5 
C1-4 SHS150×150×5 
C1-5 SHS150×150×5 
C1-6 SHS150×150×5 
C2-1 SHS150×150×5 
C2-2 SHS150×150×5 
C2-3 SHS150×150×5 
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C2-4 SHS150×150×5 
C2-5 SHS150×150×5 
C2-6 SHS150×150×5 
 
Table F4: System-based design of Sway Frame 4 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×5 
1.273 0.119 1.205 1.056 
BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
BX1-4 RHS250×150×5 
BX2-1 RHS250×150×5 
BX2-2 RHS250×150×5 
BX2-3 RHS250×150×5 
BX2-4 RHS250×150×5 
BX3-1 RHS250×150×5 
BX3-2 RHS250×150×5 
BX3-3 RHS250×150×5 
BX3-4 RHS250×150×5 
BZ1-1 RHS250×150×5 
BZ1-2 RHS250×150×5 
BZ1-3 RHS250×150×5 
BZ2-1 RHS250×150×5 
BZ2-2 RHS250×150×5 
BZ2-3 RHS250×150×5 
BZ3-1 RHS250×150×5 
BZ3-2 RHS250×150×5 
BZ3-3 RHS250×150×5 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×16 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×16 
C1-6 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×16 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×16 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×16 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C3-5 SHS250×250×16 
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C3-6 SHS250×250×12.5 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×5 
1.196 0.109 1.145 1.044 
BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
BX1-4 RHS250×150×5 
BX2-1 RHS250×150×5 
BX2-2 RHS250×150×5 
BX2-3 RHS250×150×5 
BX2-4 RHS250×150×5 
BX3-1 RHS250×150×5 
BX3-2 RHS250×150×5 
BX3-3 RHS250×150×5 
BX3-4 RHS250×150×5 
BZ1-1 RHS200×100×6 
BZ1-2 RHS250×150×5 
BZ1-3 RHS200×100×6 
BZ2-1 RHS200×100×6 
BZ2-2 RHS250×150×5 
BZ2-3 RHS200×100×6 
BZ3-1 RHS250×150×5 
BZ3-2 RHS250×150×5 
BZ3-3 RHS250×150×5 
C1-1 SHS200×200×5 
C1-2 SHS250×250×6 
C1-3 SHS200×200×5 
C1-4 SHS200×200×5 
C1-5 SHS250×250×6 
C1-6 SHS200×200×5 
C2-1 SHS200×200×5 
C2-2 SHS200×200×5 
C2-3 SHS200×200×5 
C2-4 SHS200×200×5 
C2-5 SHS200×200×5 
C2-6 SHS200×200×5 
C3-1 SHS200×200×5 
C3-2 SHS200×200×5 
C3-3 SHS200×200×5 
C3-4 SHS200×200×5 
C3-5 SHS200×200×5 
C3-6 SHS200×200×5 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS200×100×5 
1.201 0.106 1.176 1.021 
BX1-2 RHS200×100×5 
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BX1-3 RHS200×100×5 
BX1-4 RHS200×100×5 
BX2-1 RHS200×100×5 
BX2-2 RHS200×100×5 
BX2-3 RHS200×100×5 
BX2-4 RHS200×100×5 
BX3-1 RHS200×100×5 
BX3-2 RHS200×100×5 
BX3-3 RHS200×100×5 
BX3-4 RHS200×100×5 
BZ1-1 RHS200×100×6 
BZ1-2 RHS250×150×8 
BZ1-3 RHS200×100×6 
BZ2-1 RHS200×100×6 
BZ2-2 RHS250×150×8 
BZ2-3 RHS200×100×6 
BZ3-1 RHS200×100×6 
BZ3-2 RHS250×150×8 
BZ3-3 RHS200×100×6 
C1-1 SHS200×200×6 
C1-2 SHS200×200×9 
C1-3 SHS200×200×6 
C1-4 SHS200×200×6 
C1-5 SHS200×200×9 
C1-6 SHS200×200×6 
C2-1 SHS200×200×6 
C2-2 SHS200×200×9 
C2-3 SHS200×200×6 
C2-4 SHS200×200×6 
C2-5 SHS200×200×9 
C2-6 SHS200×200×6 
C3-1 SHS200×200×6 
C3-2 SHS200×200×9 
C3-3 SHS200×200×6 
C3-4 SHS200×200×6 
C3-5 SHS200×200×9 
C3-6 SHS200×200×6 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 RHS250×150×9 
1.694 0.090 1.679 1.009 
BX1-2 RHS250×150×9 
BX1-3 RHS250×150×9 
BX1-4 RHS250×150×9 
BX2-1 RHS250×150×9 
BX2-2 RHS250×150×9 
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BX2-3 RHS250×150×9 
BX2-4 RHS250×150×9 
BX3-1 RHS250×150×9 
BX3-2 RHS250×150×9 
BX3-3 RHS250×150×9 
BX3-4 RHS250×150×9 
BZ1-1 RHS250×150×9 
BZ1-2 RHS300×200×6 
BZ1-3 RHS250×150×9 
BZ2-1 RHS250×150×9 
BZ2-2 RHS300×200×6 
BZ2-3 RHS250×150×9 
BZ3-1 RHS250×150×9 
BZ3-2 RHS300×200×6 
BZ3-3 RHS250×150×9 
C1-1 SHS150×150×6 
C1-2 SHS200×200×6 
C1-3 SHS150×150×6 
C1-4 SHS150×150×6 
C1-5 SHS200×200×6 
C1-6 SHS150×150×6 
C2-1 SHS150×150×6 
C2-2 SHS200×200×6 
C2-3 SHS150×150×6 
C2-4 SHS150×150×6 
C2-5 SHS200×200×6 
C2-6 SHS150×150×6 
C3-1 SHS150×150×6 
C3-2 SHS200×200×6 
C3-3 SHS150×150×6 
C3-4 SHS150×150×6 
C3-5 SHS200×200×6 
C3-6 SHS150×150×6 
 
Table F5: System-based design of Sway Frame 5 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×10 
1.212 0.111 1.161 1.044 
BX1-2 RHS250×150×10 
BX1-3 RHS250×150×10 
BX1-4 RHS250×150×10 
BX2-1 RHS250×150×9 
BX2-2 RHS250×150×9 
BX2-3 RHS250×150×9 
BX2-4 RHS250×150×9 
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BX3-1 RHS250×150×10 
BX3-2 RHS250×150×10 
BX3-3 RHS250×150×10 
BX3-4 RHS250×150×10 
BX4-1 RHS300×200×6 
BX4-2 RHS300×200×6 
BX5-1 RHS300×200×6 
BX5-2 RHS300×200×6 
BX6-1 RHS250×250×8 
BX6-2 RHS250×250×8 
BZ1-1 RHS250×150×9 
BZ1-2 RHS400×200×8 
BZ1-3 RHS250×150×9 
BZ2-1 RHS300×200×6 
BZ2-2 RHS400×200×8 
BZ2-3 RHS300×200×6 
BZ3-1 RHS300×200×6 
BZ3-2 RHS400×200×8 
BZ3-3 RHS250×150×9 
BZ4-1 RHS250×150×9 
BZ4-2 RHS250×150×9 
BZ5-1 RHS300×200×6 
BZ5-2 RHS300×200×6 
BZ6-1 RHS250×250×8 
BZ6-2 RHS250×250×8 
C1-1 SHS300×300×10 
C1-2 SHS300×300×10 
C1-3 SHS300×300×10 
C1-4 SHS300×300×10 
C1-5 SHS300×300×10 
C1-6 SHS300×300×10 
C2-1 SHS300×300×10 
C2-2 SHS300×300×10 
C2-3 SHS300×300×10 
C2-4 SHS300×300×10 
C2-5 SHS300×300×10 
C2-6 SHS300×300×10 
C3-1 SHS300×300×10 
C3-2 SHS300×300×10 
C3-3 SHS300×300×10 
C3-4 SHS300×300×10 
C3-5 SHS300×300×10 
C3-6 SHS300×300×10 
C4-1 SHS300×300×10 
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C4-2 SHS300×300×10 
C4-3 SHS300×300×10 
C4-4 SHS300×300×10 
C5-1 SHS300×300×10 
C5-2 SHS300×300×10 
C5-3 SHS300×300×10 
C5-4 SHS300×300×10 
C6-1 SHS300×300×10 
C6-2 SHS300×300×10 
C6-3 SHS300×300×10 
C6-4 SHS300×300×10 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×10 
1.415 0.098 1.381 1.025 
BX1-2 RHS250×150×10 
BX1-3 RHS250×150×10 
BX1-4 RHS250×150×10 
BX2-1 RHS250×150×9 
BX2-2 RHS250×150×9 
BX2-3 RHS250×150×9 
BX2-4 RHS250×150×9 
BX3-1 RHS250×150×10 
BX3-2 RHS250×150×10 
BX3-3 RHS250×150×10 
BX3-4 RHS250×150×10 
BX4-1 RHS250×150×9 
BX4-2 RHS250×150×9 
BX5-1 RHS300×200×6 
BX5-2 RHS300×200×6 
BX6-1 RHS250×150×10 
BX6-2 RHS250×150×10 
BZ1-1 RHS250×150×9 
BZ1-2 RHS400×200×8 
BZ1-3 RHS250×150×9 
BZ2-1 RHS300×200×6 
BZ2-2 RHS400×200×8 
BZ2-3 RHS300×200×6 
BZ3-1 RHS300×200×6 
BZ3-2 RHS400×200×8 
BZ3-3 RHS250×150×9 
BZ4-1 RHS250×150×9 
BZ4-2 RHS250×150×9 
BZ5-1 RHS300×200×6 
BZ5-2 RHS300×200×6 
BZ6-1 RHS250×150×10 
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BZ6-2 RHS250×150×10 
C1-1 SHS300×300×10 
C1-2 SHS300×300×10 
C1-3 SHS300×300×10 
C1-4 SHS300×300×10 
C1-5 SHS300×300×10 
C1-6 SHS300×300×10 
C2-1 SHS300×300×10 
C2-2 SHS300×300×10 
C2-3 SHS300×300×10 
C2-4 SHS300×300×10 
C2-5 SHS300×300×10 
C2-6 SHS300×300×10 
C3-1 SHS300×300×10 
C3-2 SHS300×300×10 
C3-3 SHS300×300×10 
C3-4 SHS300×300×10 
C3-5 SHS300×300×10 
C3-6 SHS300×300×10 
C4-1 SHS200×200×9 
C4-2 SHS200×200×9 
C4-3 SHS200×200×9 
C4-4 SHS200×200×9 
C5-1 SHS200×200×9 
C5-2 SHS200×200×9 
C5-3 SHS200×200×9 
C5-4 SHS200×200×9 
C6-1 SHS200×200×9 
C6-2 SHS200×200×9 
C6-3 SHS200×200×9 
C6-4 SHS200×200×9 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS250×150×10 
1.054 0.097 1.017 1.036 
BX1-2 RHS250×150×10 
BX1-3 RHS250×150×10 
BX1-4 RHS250×150×10 
BX2-1 RHS250×150×9 
BX2-2 RHS250×150×9 
BX2-3 RHS250×150×9 
BX2-4 RHS250×150×9 
BX3-1 RHS250×150×10 
BX3-2 RHS250×150×10 
BX3-3 RHS250×150×10 
BX3-4 RHS250×150×10 
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BX4-1 RHS300×200×6 
BX4-2 RHS300×200×6 
BX5-1 RHS300×200×6 
BX5-2 RHS300×200×6 
BX6-1 RHS250×150×10 
BX6-2 RHS250×150×10 
BZ1-1 RHS250×150×6 
BZ1-2 RHS400×200×8 
BZ1-3 RHS250×150×9 
BZ2-1 RHS250×150×6 
BZ2-2 RHS400×200×8 
BZ2-3 RHS300×200×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS400×200×8 
BZ3-3 RHS250×150×9 
BZ4-1 RHS250×150×6 
BZ4-2 RHS250×150×9 
BZ5-1 RHS250×150×6 
BZ5-2 RHS300×200×6 
BZ6-1 RHS250×150×10 
BZ6-2 RHS250×150×10 
C1-1 SHS200×200×9 
C1-2 SHS300×300×10 
C1-3 SHS200×200×9 
C1-4 SHS200×200×9 
C1-5 SHS300×300×10 
C1-6 SHS200×200×9 
C2-1 SHS200×200×9 
C2-2 SHS300×300×10 
C2-3 SHS200×200×9 
C2-4 SHS200×200×9 
C2-5 SHS300×300×10 
C2-6 SHS200×200×9 
C3-1 SHS200×200×9 
C3-2 SHS300×300×10 
C3-3 SHS200×200×9 
C3-4 SHS200×200×9 
C3-5 SHS300×300×10 
C3-6 SHS200×200×9 
C4-1 SHS200×200×9 
C4-2 SHS200×200×9 
C4-3 SHS200×200×9 
C4-4 SHS200×200×9 
C5-1 SHS200×200×9 
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C5-2 SHS200×200×9 
C5-3 SHS200×200×9 
C5-4 SHS200×200×9 
C6-1 SHS200×200×9 
C6-2 SHS200×200×9 
C6-3 SHS200×200×9 
C6-4 SHS200×200×9 
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 RHS300×200×8 
1.288 0.097 1.223 1.053 
BX1-2 RHS300×200×8 
BX1-3 RHS300×200×8 
BX1-4 RHS300×200×8 
BX2-1 RHS300×200×8 
BX2-2 RHS300×200×8 
BX2-3 RHS300×200×8 
BX2-4 RHS300×200×8 
BX3-1 RHS300×200×8 
BX3-2 RHS300×200×8 
BX3-3 RHS300×200×8 
BX3-4 RHS300×200×8 
BX4-1 RHS300×200×8 
BX4-2 RHS300×200×8 
BX5-1 RHS300×200×8 
BX5-2 RHS300×200×8 
BX6-1 RHS300×200×8 
BX6-2 RHS300×200×8 
BZ1-1 RHS300×200×8 
BZ1-2 RHS400×200×8 
BZ1-3 RHS300×200×8 
BZ2-1 RHS300×200×8 
BZ2-2 RHS400×200×8 
BZ2-3 RHS300×200×8 
BZ3-1 RHS300×200×8 
BZ3-2 RHS400×200×8 
BZ3-3 RHS300×200×8 
BZ4-1 RHS300×200×8 
BZ4-2 RHS300×200×8 
BZ5-1 RHS300×200×8 
BZ5-2 RHS300×200×8 
BZ6-1 RHS300×200×8 
BZ6-2 RHS300×200×8 
C1-1 SHS250×250×6 
C1-2 SHS250×250×9 
C1-3 SHS250×250×6 
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C1-4 SHS250×250×6 
C1-5 SHS250×250×9 
C1-6 SHS250×250×6 
C2-1 SHS250×250×6 
C2-2 SHS250×250×9 
C2-3 SHS250×250×6 
C2-4 SHS250×250×6 
C2-5 SHS250×250×9 
C2-6 SHS250×250×6 
C3-1 SHS250×250×6 
C3-2 SHS250×250×9 
C3-3 SHS250×250×6 
C3-4 SHS250×250×6 
C3-5 SHS250×250×9 
C3-6 SHS250×250×6 
C4-1 SHS200×200×9 
C4-2 SHS200×200×9 
C4-3 SHS200×200×9 
C4-4 SHS200×200×9 
C5-1 SHS200×200×9 
C5-2 SHS200×200×9 
C5-3 SHS200×200×9 
C5-4 SHS200×200×9 
C6-1 SHS200×200×9 
C6-2 SHS200×200×9 
C6-3 SHS200×200×9 
C6-4 SHS200×200×9 
 
Table F6: System-based design of Sway Frame 6 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×9 
1.212  0.115 1.161  1.044  
BX1-2 RHS400×200×8 
BX1-3 RHS250×150×10 
BX1-4 RHS250×150×9 
BX1-5 RHS250×150×9 
BX2-1 RHS250×150×10 
BX2-2 RHS250×150×9 
BX2-3 RHS250×150×10 
BX2-4 RHS250×150×10 
BX3-1 RHS300×200×6 
BX3-2 RHS300×200×6 
BX4-1 RHS250×150×6 
BX4-2 RHS250×150×6 
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BZ1-1 RHS300×200×6 
BZ1-2 RHS400×200×8 
BZ1-3 RHS250×150×10 
BZ1-4 RHS250×150×9 
BZ1-5 RHS250×150×10 
BZ2-1 RHS250×150×9 
BZ2-2 RHS400×200×8 
BZ3-3 RHS300×200×6 
BZ3-1 RHS300×200×6 
BZ3-2 RHS300×200×6 
BZ4-1 RHS250×150×6 
BZ4-2 RHS250×150×6 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×12.5 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
C1-8 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×12.5 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C4-1 SHS250×250×12.5 
C4-2 SHS250×250×12.5 
C4-3 SHS250×250×12.5 
C4-4 SHS250×250×12.5 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×9 
1.415  0.109 1.381  1.025  
BX1-2 RHS400×200×8 
BX1-3 RHS250×150×10 
BX1-4 RHS250×150×9 
BX1-5 RHS250×150×9 
BX2-1 RHS250×150×10 
BX2-2 RHS400×200×8 
BX2-3 RHS250×150×10 
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BX2-4 RHS250×150×10 
BX3-1 RHS300×200×6 
BX3-2 RHS300×200×6 
BX4-1 RHS250×150×9 
BX4-2 RHS250×150×9 
BZ1-1 RHS300×200×6 
BZ1-2 RHS400×200×8 
BZ1-3 RHS250×150×10 
BZ1-4 RHS250×150×9 
BZ1-5 RHS250×150×10 
BZ2-1 RHS250×150×9 
BZ2-2 RHS400×200×8 
BZ3-3 RHS300×200×6 
BZ3-1 RHS300×200×6 
BZ3-2 RHS300×200×6 
BZ4-1 RHS250×150×9 
BZ4-2 RHS250×150×9 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×12.5 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
C1-8 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×12.5 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×9 
C3-2 SHS250×250×9 
C3-3 SHS250×250×9 
C3-4 SHS250×250×9 
C4-1 SHS250×250×9 
C4-2 SHS250×250×9 
C4-3 SHS250×250×9 
C4-4 SHS250×250×9 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS250×150×9 
1.054  0.102 1.017  1.036  BX1-2 RHS400×200×8 
BX1-3 RHS250×150×10 
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BX1-4 RHS250×150×9 
BX1-5 RHS250×150×9 
BX2-1 RHS250×150×10 
BX2-2 RHS250×150×9 
BX2-3 RHS250×150×10 
BX2-4 RHS250×150×10 
BX3-1 RHS300×200×6 
BX3-2 RHS300×200×6 
BX4-1 RHS250×150×9 
BX4-2 RHS250×150×9 
BZ1-1 RHS300×200×6 
BZ1-2 RHS400×200×8 
BZ1-3 RHS250×150×10 
BZ1-4 RHS250×150×9 
BZ1-5 RHS250×150×10 
BZ2-1 RHS250×150×9 
BZ2-2 RHS400×200×8 
BZ3-3 RHS300×200×6 
BZ3-1 RHS300×200×6 
BZ3-2 RHS300×200×6 
BZ4-1 RHS250×150×9 
BZ4-2 RHS250×150×9 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×12.5 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
C1-8 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×12.5 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C4-1 SHS250×250×12.5 
C4-2 SHS250×250×12.5 
C4-3 SHS250×250×12.5 
C4-4 SHS250×250×12.5 
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Failure 
Mode 
Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 RHS400×200×8 
1.288  0.098 1.223  1.053  
BX1-2 RHS400×200×8 
BX1-3 RHS400×200×8 
BX1-4 RHS400×200×8 
BX1-5 RHS400×200×8 
BX2-1 RHS400×200×8 
BX2-2 RHS400×200×8 
BX2-3 RHS400×200×8 
BX2-4 RHS400×200×8 
BX3-1 RHS400×200×8 
BX3-2 RHS400×200×8 
BX4-1 RHS400×200×8 
BX4-2 RHS400×200×8 
BZ1-1 RHS400×200×8 
BZ1-2 RHS400×200×8 
BZ1-3 RHS400×200×8 
BZ1-4 RHS400×200×8 
BZ1-5 RHS400×200×8 
BZ2-1 RHS400×200×8 
BZ2-2 RHS400×200×8 
BZ3-3 RHS400×200×8 
BZ3-1 RHS400×200×8 
BZ3-2 RHS400×200×8 
BZ4-1 RHS400×200×8 
BZ4-2 RHS400×200×8 
C1-1 SHS200×200×8 
C1-2 SHS200×200×8 
C1-3 SHS250×250×9 
C1-4 SHS250×250×12.5 
C1-5 SHS200×200×8 
C1-6 SHS200×200×8 
C1-7 SHS250×250×9 
C1-8 SHS200×200×8 
C2-1 SHS250×250×9 
C2-2 SHS250×250×12.5 
C2-3 SHS200×200×8 
C2-4 SHS200×200×8 
C2-5 SHS250×250×9 
C2-6 SHS200×200×8 
C3-1 SHS250×250×9 
C3-2 SHS250×250×12.5 
C3-3 SHS200×200×8 
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C3-4 SHS250×250×9 
C4-1 SHS250×250×9 
C4-2 SHS250×250×12.5 
C4-3 SHS200×200×8 
C4-4 SHS250×250×9 
 
Table F7: System-based design of Sway Frame 7 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×5 
1.217  0.118 1.156  1.053  
BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
BX1-4 RHS300×200×6 
BX1-5 RHS300×200×6 
BX1-6 RHS300×200×6 
BX1-7 RHS250×150×5 
BX1-8 RHS200×100×6 
BX1-9 RHS250×150×5 
BX2-1 RHS200×100×6 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 
BX2-4 RHS200×100×4 
BX2-5 RHS200×100×6 
BX2-6 RHS250×150×5 
BX2-7 RHS200×100×4 
BX3-1 RHS250×150×5 
BX3-2 RHS300×200×6 
BX3-3 RHS250×150×5 
BX3-4 RHS200×100×4 
BX3-5 RHS250×150×5 
BX3-6 RHS250×150×5 
BX3-7 RHS200×100×4 
BZ1-1 RHS250×150×5 
BZ1-2 RHS300×200×6 
BZ1-3 RHS300×200×6 
BZ1-4 RHS250×150×5 
BZ1-5 RHS250×150×5 
BZ1-6 RHS300×200×6 
BZ1-7 RHS300×200×6 
BZ1-8 RHS250×150×5 
BZ2-1 RHS200×100×6 
BZ2-2 RHS250×150×5 
BZ2-3 RHS200×100×6 
BZ2-4 RHS300×200×6 
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BZ2-5 RHS300×200×6 
BZ2-6 RHS200×100×6 
BZ3-1 RHS250×150×5 
BZ3-2 RHS250×150×5 
BZ3-3 RHS250×150×5 
BZ3-4 RHS300×200×6 
BZ3-5 RHS300×200×6 
BZ3-6 RHS250×150×5 
C1-1 SHS250×250×9 
C1-2 SHS250×250×9 
C1-3 SHS250×250×9 
C1-4 SHS250×250×9 
 
C1-5 SHS250×250×9 
    
 
C1-6 SHS250×250×9 
    
 
C1-7 SHS250×250×9 
    
 
C1-8 SHS250×250×9 
    
 
C1-9 SHS250×250×9 
    
 
C1-10 SHS250×250×9 
    
 
C1-11 SHS250×250×9 
    
 
C1-12 SHS250×250×9 
    
 
C2-1 SHS250×250×9 
    
 
C2-2 SHS250×250×9 
    
 
C2-3 SHS250×250×9 
    
 
C2-4 SHS250×250×9 
    
 
C2-5 SHS250×250×9 
    
 
C2-6 SHS250×250×9 
    
 
C2-7 SHS250×250×9 
    
 
C2-8 SHS250×250×9 
    
 
C2-9 SHS250×250×9 
    
 
C2-10 SHS250×250×9 
    
 
C3-1 SHS250×250×9 
    
 
C3-2 SHS250×250×9 
    
 
C3-3 SHS250×250×9 
    
 
C3-4 SHS250×250×9 
    
 
C3-5 SHS250×250×9 
    
 
C3-6 SHS250×250×9 
    
 
C3-7 SHS250×250×9 
    
 
C3-8 SHS250×250×9 
    
 
C3-9 SHS250×250×9 
    
 
C3-10 SHS250×250×9 
    
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×5 
1.612 0.110 1.551  1.039  BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
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BX1-4 RHS300×200×6 
BX1-5 RHS300×200×6 
BX1-6 RHS300×200×6 
BX1-7 RHS250×150×5 
BX1-8 RHS200×100×6 
BX1-9 RHS250×150×5 
BX2-1 RHS200×100×6 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 
BX2-4 RHS250×150×5 
BX2-5 RHS200×100×6 
BX2-6 RHS250×150×5 
BX2-7 RHS250×150×5 
BX3-1 RHS250×150×5 
BX3-2 RHS300×200×6 
BX3-3 RHS250×150×5 
BX3-4 RHS250×150×5 
BX3-5 RHS250×150×5 
BX3-6 RHS250×150×5 
BX3-7 RHS250×150×5 
BZ1-1 RHS250×150×5 
BZ1-2 RHS300×200×6 
BZ1-3 RHS300×200×6 
BZ1-4 RHS250×150×5 
BZ1-5 RHS250×150×5 
BZ1-6 RHS300×200×6 
BZ1-7 RHS300×200×6 
BZ1-8 RHS250×150×5 
BZ2-1 RHS200×100×6 
BZ2-2 RHS250×150×5 
BZ2-3 RHS200×100×6 
BZ2-4 RHS300×200×6 
BZ2-5 RHS300×200×6 
BZ2-6 RHS200×100×6 
BZ3-1 RHS250×150×5 
BZ3-2 RHS250×150×5 
BZ3-3 RHS250×150×5 
BZ3-4 RHS300×200×6 
BZ3-5 RHS300×200×6 
BZ3-6 RHS300×200×6 
C1-1 SHS250×250×6 
C1-2 SHS250×250×6 
C1-3 SHS250×250×6 
C1-4 SHS250×250×6 
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C1-5 SHS250×250×6 
   
 
C1-6 SHS250×250×6 
   
 
C1-7 SHS250×250×6 
   
 
C1-8 SHS250×250×6 
   
 
C1-9 SHS250×250×6 
   
 
C1-10 SHS250×250×6 
   
 
C1-11 SHS250×250×6 
   
 
C1-12 SHS250×250×6 
   
 
C2-1 SHS250×250×6 
   
 
C2-2 SHS250×250×6 
   
 
C2-3 SHS250×250×6 
   
 
C2-4 SHS250×250×6 
   
 
C2-5 SHS250×250×6 
   
 
C2-6 SHS250×250×6 
   
 
C2-7 SHS250×250×6 
   
 
C2-8 SHS250×250×6 
   
 
C2-9 SHS250×250×6 
   
 
C2-10 SHS250×250×6 
   
 
C3-1 SHS150×150×6 
   
 
C3-2 SHS150×150×6 
   
 
C3-3 SHS150×150×6 
   
 
C3-4 SHS150×150×6 
   
 
C3-5 SHS150×150×6 
   
 
C3-6 SHS150×150×6 
   
 
C3-7 SHS150×150×6 
   
 
C3-8 SHS150×150×6 
   
 
C3-9 SHS150×150×6 
   
 
C3-10 SHS150×150×6 
   
Failure Mode Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS250×150×5 
1.651  0.117 1.591  1.037  
BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
BX1-4 RHS300×200×6 
BX1-5 RHS300×200×6 
BX1-6 RHS300×200×6 
BX1-7 RHS250×150×5 
BX1-8 RHS200×100×6 
BX1-9 RHS250×150×5 
BX2-1 RHS200×100×6 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 
BX2-4 RHS200×100×6 
BX2-5 RHS200×100×6 
BX2-6 RHS250×150×5 
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BX2-7 RHS250×150×5 
BX3-1 RHS250×150×5 
BX3-2 RHS300×200×6 
BX3-3 RHS250×150×5 
BX3-4 RHS250×150×5 
BX3-5 RHS250×150×5 
BX3-6 RHS250×150×5 
BX3-7 RHS250×150×5 
BZ1-1 RHS250×150×5 
BZ1-2 RHS300×200×6 
BZ1-3 RHS300×200×6 
BZ1-4 RHS250×150×5 
BZ1-5 RHS250×150×5 
BZ1-6 RHS300×200×6 
BZ1-7 RHS300×200×6 
BZ1-8 RHS250×150×5 
BZ2-1 RHS200×100×6 
BZ2-2 RHS250×150×5 
BZ2-3 RHS200×100×6 
BZ2-4 RHS300×200×6 
BZ2-5 RHS300×200×6 
BZ2-6 RHS200×100×6 
BZ3-1 RHS250×150×5 
BZ3-2 RHS250×150×5 
BZ3-3 RHS250×150×5 
BZ3-4 RHS300×200×6 
BZ3-5 RHS300×200×6 
BZ3-6 RHS250×150×5 
C1-1 SHS250×250×6 
C1-2 SHS250×250×6 
C1-3 SHS250×250×6 
C1-4 SHS250×250×6 
 
C1-5 SHS250×250×6 
    
 
C1-6 SHS250×250×6 
    
 
C1-7 SHS250×250×6 
    
 
C1-8 SHS250×250×6 
    
 
C1-9 SHS250×250×6 
    
 
C1-10 SHS250×250×6 
    
 
C1-11 SHS250×250×6 
    
 
C1-12 SHS250×250×6 
    
 
C2-1 SHS250×250×6 
    
 
C2-2 SHS250×250×6 
    
 
C2-3 SHS250×250×6 
    
 
C2-4 SHS250×250×6 
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C2-5 SHS250×250×6 
    
 
C2-6 SHS250×250×6 
    
 
C2-7 SHS250×250×6 
    
 
C2-8 SHS250×250×6 
    
 
C2-9 SHS250×250×6 
    
 
C2-10 SHS250×250×6 
    
 
C3-1 SHS250×250×6 
    
 
C3-2 SHS250×250×6 
    
 
C3-3 SHS250×250×6 
    
 
C3-4 SHS250×250×6 
    
 
C3-5 SHS250×250×6 
    
 
C3-6 SHS250×250×6 
    
 
C3-7 SHS250×250×6 
    
 
C3-8 SHS250×250×6 
    
 
C3-9 SHS250×250×6 
    
 
C3-10 SHS250×250×6 
    
 
Table F8: System-based design of Sway Frame 8 under gravity loads 
Failure Mode Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×5 
0.851  0.096 0.808  1.053  
BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
BX1-4 RHS250×150×5 
BX1-5 RHS250×150×5 
BX1-6 RHS200×100×6 
BX1-7 RHS250×150×5 
BX2-1 RHS250×150×5 
BX2-2 RHS250×150×5 
BX2-3 RHS250×150×5 
BX2-4 RHS250×150×5 
BX2-5 RHS250×150×5 
BX2-6 RHS200×100×6 
BX2-7 RHS250×150×5 
BX3-1 RHS250×150×5 
BX3-2 RHS250×150×5 
BX3-3 RHS250×150×5 
BX3-4 RHS250×150×5 
BX3-5 RHS250×150×5 
BX3-6 RHS200×100×6 
BX3-7 RHS250×150×5 
BX4-1 RHS250×150×5 
BX4-2 RHS250×150×5 
BX4-3 RHS250×150×5 
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BX4-4 RHS250×150×5 
BX4-5 RHS250×150×5 
BX4-6 RHS200×100×6 
BX4-7 RHS250×150×5 
BX5-1 RHS250×150×5 
BX5-2 RHS250×150×5 
BX5-3 RHS250×150×5 
BX5-4 RHS250×150×5 
BX5-5 RHS250×150×5 
BX5-6 RHS200×100×6 
BX5-7 RHS250×150×5 
BX6-1 RHS250×150×5 
BX6-2 RHS250×150×5 
BX6-3 RHS250×150×5 
BX6-4 RHS250×150×5 
BX6-5 RHS250×150×5 
BX6-6 RHS200×100×6 
BX6-7 RHS250×150×5 
BZ1-1 RHS250×150×5 
BZ1-2 RHS200×100×6 
BZ1-3 RHS200×100×6 
BZ1-4 RHS250×150×5 
BZ1-5 RHS250×150×5 
BZ1-6 RHS250×150×5 
    
BZ2-1 RHS250×150×5 
    
BZ2-2 RHS200×100×6 
    
BZ2-3 RHS200×100×6 
    
BZ2-4 RHS250×150×5 
    
BZ2-5 RHS250×150×5 
    
BZ2-6 RHS250×150×5 
    
BZ3-1 RHS250×150×5 
    
BZ3-2 RHS200×100×6 
    
BZ3-3 RHS200×100×6 
    
BZ3-4 RHS250×150×5 
    
BZ3-5 RHS250×150×5 
    
BZ3-6 RHS250×150×5 
    
BZ4-1 RHS250×150×5 
    
BZ4-2 RHS200×100×6 
    
BZ4-3 RHS200×100×6 
    
BZ4-4 RHS250×150×5 
    
BZ4-5 RHS250×150×5 
    
BZ4-6 RHS250×150×5 
    
BZ5-1 RHS250×150×5 
    
BZ5-2 RHS200×100×6 
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BZ5-3 RHS200×100×6 
    
BZ5-4 RHS250×150×5 
    
BZ5-5 RHS250×150×5 
    
BZ5-6 RHS250×150×5 
    
BZ6-1 RHS250×150×5 
    
BZ6-2 RHS200×100×6 
    
BZ6-3 RHS200×100×6 
    
BZ6-4 RHS250×150×5 
    
BZ6-5 RHS250×150×5 
    
BZ6-6 RHS250×150×5 
    
C1-1 SHS250×250×9 
    
C1-2 SHS250×250×9 
    
C1-3 SHS250×250×9 
    
C1-4 SHS250×250×9 
    
C1-5 SHS250×250×9 
    
C1-6 SHS250×250×9 
    
C1-7 SHS250×250×9 
    
C1-8 SHS250×250×9 
    
C1-9 SHS250×250×9 
    
C1-10 SHS250×250×9 
    
C2-1 SHS250×250×9 
    
C2-2 SHS250×250×9 
    
C2-3 SHS250×250×9 
    
C2-4 SHS250×250×9 
    
C2-5 SHS250×250×9 
    
C2-6 SHS250×250×9 
    
C2-7 SHS250×250×9 
    
C2-8 SHS250×250×9 
    
C2-9 SHS250×250×9 
    
C2-10 SHS250×250×9 
    
C3-1 SHS250×250×9 
    
C3-2 SHS250×250×9 
    
C3-3 SHS250×250×9 
    
C3-4 SHS250×250×9 
    
C3-5 SHS250×250×9 
    
C3-6 SHS250×250×9 
    
C3-7 SHS250×250×9 
    
C3-8 SHS250×250×9 
    
C3-9 SHS250×250×9 
    
C3-10 SHS250×250×9 
    
C4-1 SHS250×250×6 
    
C4-2 SHS250×250×6 
    
C4-3 SHS250×250×6 
    
C4-4 SHS250×250×6 
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C4-5 SHS250×250×6 
    
C4-6 SHS250×250×6 
    
C4-7 SHS250×250×6 
    
C4-8 SHS250×250×6 
    
C4-9 SHS250×250×6 
    
C4-10 SHS250×250×6 
    
C5-1 SHS250×250×6 
    
C5-2 SHS250×250×6 
    
C5-3 SHS250×250×6 
    
C5-4 SHS250×250×6 
    
C5-5 SHS250×250×6 
    
C5-6 SHS250×250×6 
    
C5-7 SHS250×250×6 
    
C5-8 SHS250×250×6 
    
C5-9 SHS250×250×6 
    
C5-10 SHS250×250×6 
    
C6-1 SHS250×250×6 
    
C6-2 SHS250×250×6 
    
C6-3 SHS250×250×6 
    
C6-4 SHS250×250×6 
    
C6-5 SHS250×250×6 
    
C6-6 SHS250×250×6 
    
C6-7 SHS250×250×6 
    
C6-8 SHS250×250×6 
    
C6-9 SHS250×250×6 
    
C6-10 SHS250×250×6 
    
Failure Mode Members Section λm COV λn Rm/Rn 
BPY-CPY 
BX1-1 RHS250×150×5 
1.183  0.094 1.170  1.011  
BX1-2 RHS200×100×6 
BX1-3 RHS200×100×6 
BX1-4 RHS250×150×5 
BX1-5 RHS250×150×5 
BX1-6 RHS300×200×6 
BX1-7 RHS200×100×6 
BX2-1 RHS200×100×6 
BX2-2 RHS200×100×6 
BX2-3 RHS200×100×6 
BX2-4 RHS200×100×6 
BX2-5 RHS250×150×5 
BX2-6 RHS300×200×6 
BX2-7 RHS200×100×6 
BX3-1 RHS200×100×6 
BX3-2 RHS200×100×6 
BX3-3 RHS200×100×6 
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BX3-4 RHS200×100×6 
BX3-5 RHS250×150×5 
BX3-6 RHS300×200×6 
BX3-7 RHS200×100×6 
BX4-1 RHS200×100×6 
BX4-2 RHS200×100×6 
BX4-3 RHS200×100×6 
BX4-4 RHS200×100×6 
BX4-5 RHS250×150×5 
BX4-6 RHS300×200×6 
BX4-7 RHS200×100×6 
BX5-1 RHS200×100×6 
BX5-2 RHS200×100×6 
BX5-3 RHS200×100×6 
BX5-4 RHS200×100×6 
BX5-5 RHS250×150×5 
BX5-6 RHS300×200×6 
BX5-7 RHS200×100×6 
BX6-1 RHS250×150×5 
BX6-2 RHS250×150×5 
BX6-3 RHS250×150×5 
BX6-4 RHS250×150×5 
BX6-5 RHS250×150×5 
BX6-6 RHS300×200×6 
BX6-7 RHS250×150×5 
BZ1-1 RHS200×100×6 
BZ1-2 RHS300×200×6 
BZ1-3 RHS300×200×6 
BZ1-4 RHS250×150×5 
BZ1-5 RHS250×150×5 
 
BZ1-6 RHS250×150×5 
    
 
BZ2-1 RHS200×100×6 
    
 
BZ2-2 RHS300×200×6 
    
 
BZ2-3 RHS300×200×6 
    
 
BZ2-4 RHS200×100×6 
    
 
BZ2-5 RHS200×100×6 
    
 
BZ2-6 RHS200×100×6 
    
 
BZ3-1 RHS200×100×6 
    
 
BZ3-2 RHS300×200×6 
    
 
BZ3-3 RHS300×200×6 
    
 
BZ3-4 RHS200×100×6 
    
 
BZ3-5 RHS200×100×6 
    
 
BZ3-6 RHS200×100×6 
    
 
BZ4-1 RHS200×100×6 
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BZ4-2 RHS300×200×6 
    
 
BZ4-3 RHS300×200×6 
    
 
BZ4-4 RHS200×100×6 
    
 
BZ4-5 RHS200×100×6 
    
 
BZ4-6 RHS200×100×6 
    
 
BZ5-1 RHS200×100×6 
    
 
BZ5-2 RHS300×200×6 
    
 
BZ5-3 RHS300×200×6 
    
 
BZ5-4 RHS200×100×6 
    
 
BZ5-5 RHS250×150×5 
    
 
BZ5-6 RHS200×100×6 
    
 
BZ6-1 RHS250×150×5 
    
 
BZ6-2 RHS300×200×6 
    
 
BZ6-3 RHS300×200×6 
    
 
BZ6-4 RHS250×150×5 
    
 
BZ6-5 RHS250×150×5 
    
 
BZ6-6 RHS250×150×5 
    
 
C1-1 SHS250×250×9 
    
 
C1-2 SHS250×250×9 
    
 
C1-3 SHS250×250×9 
    
 
C1-4 SHS250×250×9 
    
 
C1-5 SHS250×250×9 
    
 
C1-6 SHS250×250×9 
    
 
C1-7 SHS250×250×9 
    
 
C1-8 SHS250×250×9 
    
 
C1-9 SHS250×250×9 
    
 
C1-10 SHS250×250×9 
    
 
C2-1 SHS250×250×9 
    
 
C2-2 SHS250×250×9 
    
 
C2-3 SHS250×250×9 
    
 
C2-4 SHS250×250×9 
    
 
C2-5 SHS250×250×9 
    
 
C2-6 SHS250×250×9 
    
 
C2-7 SHS250×250×9 
    
 
C2-8 SHS250×250×9 
    
 
C2-9 SHS250×250×9 
    
 
C2-10 SHS250×250×9 
    
 
C3-1 SHS250×250×9 
    
 
C3-2 SHS250×250×9 
    
 
C3-3 SHS250×250×9 
    
 
C3-4 SHS250×250×9 
    
 
C3-5 SHS250×250×9 
    
 
C3-6 SHS250×250×9 
    
 
C3-7 SHS250×250×9 
    
Appendix F - System Reliability-Based Design Criteria for HSS Steel Frames 
 
596 
 
 
C3-8 SHS250×250×9 
    
 
C3-9 SHS250×250×9 
    
 
C3-10 SHS250×250×9 
    
 
C4-1 SHS250×250×6 
    
 
C4-2 SHS250×250×6 
    
 
C4-3 SHS250×250×6 
    
 
C4-4 SHS250×250×6 
    
 
C4-5 SHS250×250×6 
    
 
C4-6 SHS250×250×6 
    
 
C4-7 SHS250×250×6 
    
 
C4-8 SHS250×250×6 
    
 
C4-9 SHS250×250×6 
    
 
C4-10 SHS250×250×6 
    
 
C5-1 SHS250×250×6 
    
 
C5-2 SHS250×250×6 
    
 
C5-3 SHS250×250×6 
    
 
C5-4 SHS250×250×6 
    
 
C5-5 SHS250×250×6 
    
 
C5-6 SHS250×250×6 
    
 
C5-7 SHS250×250×6 
    
 
C5-8 SHS250×250×6 
    
 
C5-9 SHS250×250×6 
    
 
C5-10 SHS250×250×6 
    
 
C6-1 SHS250×250×6 
    
 
C6-2 SHS250×250×6 
    
 
C6-3 SHS250×250×6 
    
 
C6-4 SHS250×250×6 
    
 
C6-5 SHS250×250×6 
    
 
C6-6 SHS250×250×6 
    
 
C6-7 SHS250×250×6 
    
 
C6-8 SHS250×250×6 
    
 
C6-9 SHS250×250×6 
    
 
C6-10 SHS250×250×6 
    
Failure Mode Members Section λm COV λn Rm/Rn 
SWAY-CPY 
BX1-1 RHS250×150×5 
1.424  0.094 1.444  0.986  
BX1-2 RHS250×150×5 
BX1-3 RHS250×150×5 
BX1-4 RHS250×150×5 
BX1-5 RHS250×150×5 
BX1-6 RHS200×100×6 
BX1-7 RHS250×150×5 
BX2-1 RHS250×150×5 
BX2-2 RHS250×150×5 
BX2-3 RHS250×150×5 
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BX2-4 RHS250×150×5 
BX2-5 RHS250×150×5 
BX2-6 RHS200×100×6 
BX2-7 RHS250×150×5 
BX3-1 RHS250×150×5 
BX3-2 RHS250×150×5 
BX3-3 RHS250×150×5 
BX3-4 RHS250×150×5 
BX3-5 RHS250×150×5 
BX3-6 RHS200×100×6 
BX3-7 RHS250×150×5 
BX4-1 RHS250×150×5 
BX4-2 RHS250×150×5 
BX4-3 RHS250×150×5 
BX4-4 RHS250×150×5 
BX4-5 RHS250×150×5 
BX4-6 RHS200×100×6 
BX4-7 RHS250×150×5 
BX5-1 RHS250×150×5 
BX5-2 RHS250×150×5 
BX5-3 RHS250×150×5 
BX5-4 RHS250×150×5 
BX5-5 RHS250×150×5 
BX5-6 RHS200×100×6 
BX5-7 RHS250×150×5 
BX6-1 RHS250×150×5 
BX6-2 RHS250×150×5 
BX6-3 RHS250×150×5 
BX6-4 RHS250×150×5 
BX6-5 RHS250×150×5 
BX6-6 RHS200×100×6 
BX6-7 RHS250×150×5 
BZ1-1 RHS250×150×5 
BZ1-2 RHS200×100×6 
BZ1-3 RHS200×100×6 
BZ1-4 RHS250×150×5 
BZ1-5 RHS250×150×5 
 
BZ1-6 RHS250×150×5 
    
 
BZ2-1 RHS250×150×5 
    
 
BZ2-2 RHS200×100×6 
    
 
BZ2-3 RHS200×100×6 
    
 
BZ2-4 RHS250×150×5 
    
 
BZ2-5 RHS250×150×5 
    
 
BZ2-6 RHS250×150×5 
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BZ3-1 RHS250×150×5 
    
 
BZ3-2 RHS200×100×6 
    
 
BZ3-3 RHS200×100×6 
    
 
BZ3-4 RHS250×150×5 
    
 
BZ3-5 RHS250×150×5 
    
 
BZ3-6 RHS250×150×5 
    
 
BZ4-1 RHS250×150×5 
    
 
BZ4-2 RHS200×100×6 
    
 
BZ4-3 RHS200×100×6 
    
 
BZ4-4 RHS250×150×5 
    
 
BZ4-5 RHS250×150×5 
    
 
BZ4-6 RHS250×150×5 
    
 
BZ5-1 RHS250×150×5 
    
 
BZ5-2 RHS200×100×6 
    
 
BZ5-3 RHS200×100×6 
    
 
BZ5-4 RHS250×150×5 
    
 
BZ5-5 RHS250×150×5 
    
 
BZ5-6 RHS250×150×5 
    
 
BZ6-1 RHS250×150×5 
    
 
BZ6-2 RHS200×100×6 
    
 
BZ6-3 RHS200×100×6 
    
 
BZ6-4 RHS250×150×5 
    
 
BZ6-5 RHS250×150×5 
    
 
BZ6-6 RHS250×150×5 
    
 
C1-1 SHS250×250×9 
    
 
C1-2 SHS250×250×9 
    
 
C1-3 SHS250×250×9 
    
 
C1-4 SHS250×250×9 
    
 
C1-5 SHS250×250×9 
    
 
C1-6 SHS250×250×9 
    
 
C1-7 SHS250×250×9 
    
 
C1-8 SHS250×250×9 
    
 
C1-9 SHS250×250×9 
    
 
C1-10 SHS250×250×9 
    
 
C2-1 SHS250×250×9 
    
 
C2-2 SHS250×250×9 
    
 
C2-3 SHS250×250×9 
    
 
C2-4 SHS250×250×9 
    
 
C2-5 SHS250×250×9 
    
 
C2-6 SHS250×250×9 
    
 
C2-7 SHS250×250×9 
    
 
C2-8 SHS250×250×9 
    
 
C2-9 SHS250×250×9 
    
 
C2-10 SHS250×250×9 
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C3-1 SHS250×250×9 
    
 
C3-2 SHS250×250×9 
    
 
C3-3 SHS250×250×9 
    
 
C3-4 SHS250×250×9 
    
 
C3-5 SHS250×250×9 
    
 
C3-6 SHS250×250×9 
    
 
C3-7 SHS250×250×9 
    
 
C3-8 SHS250×250×9 
    
 
C3-9 SHS250×250×9 
    
 
C3-10 SHS250×250×9 
    
 
C4-1 SHS250×250×6 
    
 
C4-2 SHS250×250×6 
    
 
C4-3 SHS250×250×6 
    
 
C4-4 SHS250×250×6 
    
 
C4-5 SHS250×250×6 
    
 
C4-6 SHS250×250×6 
    
 
C4-7 SHS250×250×6 
    
 
C4-8 SHS250×250×6 
    
 
C4-9 SHS250×250×6 
    
 
C4-10 SHS250×250×6 
    
 
C5-1 SHS250×250×6 
    
 
C5-2 SHS250×250×6 
    
 
C5-3 SHS250×250×6 
    
 
C5-4 SHS250×250×6 
    
 
C5-5 SHS250×250×6 
    
 
C5-6 SHS250×250×6 
    
 
C5-7 SHS250×250×6 
    
 
C5-8 SHS250×250×6 
    
 
C5-9 SHS250×250×6 
    
 
C5-10 SHS250×250×6 
    
 
C6-1 SHS250×250×6 
    
 
C6-2 SHS250×250×6 
    
 
C6-3 SHS250×250×6 
    
 
C6-4 SHS250×250×6 
    
 
C6-5 SHS250×250×6 
    
 
C6-6 SHS250×250×6 
    
 
C6-7 SHS250×250×6 
    
 
C6-8 SHS250×250×6 
    
 
C6-9 SHS250×250×6 
    
 
C6-10 SHS250×250×6 
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F.2 System-based design of HSS hinge joint braced frames 
under gravity loads using Method 2 
Table F9: System-based design of hinge joint Braced Frame 1 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 RHS400×200×8 
1.326 0.062 1.373 0.966 
BX1-2 RHS400×200×8 
BZ1-1 RHS400×200×8 
BZ1-2 RHS400×200×8 
C1-1 SHS75×75×4 
C1-2 SHS75×75×4 
C1-3 SHS75×75×4 
C1-4 SHS75×75×4 
Brace L150×150×10 
 
Table F10: System-based design of hinge joint Braced Frame 2 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 RHS400×200×8 
1.280 0.058 1.322 0.968 
BX1-2 RHS400×200×8 
BX2-1 RHS400×200×8 
BX2-2 RHS400×200×8 
BX3-1 RHS400×200×8 
BX3-2 RHS400×200×8 
BZ1-1 RHS400×200×8 
BZ1-2 RHS400×200×8 
BZ2-1 RHS400×200×8 
BZ2-2 RHS400×200×8 
BZ3-1 RHS400×200×8 
BZ3-2 RHS400×200×8 
C1-1 SHS100×100×4 
C1-2 SHS100×100×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
C2-1 SHS100×100×4 
C2-2 SHS100×100×4 
C2-3 SHS100×100×4 
C2-4 SHS100×100×4 
C3-1 SHS100×100×4 
C3-2 SHS100×100×4 
C3-3 SHS100×100×4 
C3-4 SHS100×100×4 
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Brace L200×200×16 
    Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS300×200×6 
1.280 0.058 1.322 0.968 
BX1-2 RHS300×200×7 
BX2-1 RHS300×200×8 
BX2-2 RHS300×200×9 
BX3-1 RHS300×200×10 
BX3-2 RHS300×200×11 
BZ1-1 RHS300×200×12 
BZ1-2 RHS300×200×13 
BZ2-1 RHS300×200×14 
BZ2-2 RHS300×200×15 
BZ3-1 RHS300×200×16 
BZ3-2 RHS300×200×17 
C1-1 SHS100×100×4 
C1-2 SHS100×100×5 
C1-3 SHS100×100×6 
C1-4 SHS100×100×7 
C2-1 SHS100×100×8 
C2-2 SHS100×100×9 
C2-3 SHS100×100×10 
C2-4 SHS100×100×11 
C3-1 SHS100×100×12 
C3-2 SHS100×100×13 
C3-3 SHS100×100×14 
C3-4 SHS100×100×15 
 
Brace L200×200×16 
     
Table F11: System-based design of hinge joint Braced Frame 3 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS400×200×12.5 
1.398 0.107 1.318 1.060 
BX1-2 RHS400×200×12.5 
BX1-3 RHS400×200×12.5 
BX1-4 RHS400×200×12.5 
BX2-1 RHS400×200×12.5 
BX2-2 RHS400×200×12.5 
BX2-3 RHS400×200×12.5 
BX2-4 RHS400×200×12.5 
BZ1-1 RHS400×200×12.5 
BZ1-2 RHS400×200×12.5 
BZ1-3 RHS400×200×12.5 
BZ2-1 RHS400×200×12.5 
BZ2-2 RHS400×200×12.5 
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BZ2-3 RHS400×200×12.5 
C1-1 SHS100×100×4 
C1-2 SHS150×150×3 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
C1-5 SHS150×150×3 
C1-6 SHS100×100×4 
C2-1 SHS100×100×4 
C2-2 SHS100×100×4 
C2-3 SHS100×100×4 
C2-4 SHS100×100×4 
C2-5 SHS100×100×4 
C2-6 SHS100×100×4 
Brace L200×200×13 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 RHS300×200×8 
1.714 0.061 1.657 1.035 
BX1-2 RHS300×200×8 
BX1-3 RHS300×200×8 
BX1-4 RHS300×200×8 
BX2-1 RHS300×200×8 
BX2-2 RHS300×200×8 
BX2-3 RHS250×150×16 
BX2-4 RHS250×150×16 
BZ1-1 RHS300×200×8 
BZ1-2 SHS300×300×8 
BZ1-3 RHS300×200×8 
BZ2-1 RHS300×200×8 
BZ2-2 SHS300×300×8 
BZ2-3 RHS300×200×8 
C1-1 SHS150×150×4 
C1-2 SHS150×150×4 
C1-3 SHS150×150×4 
C1-4 SHS150×150×4 
C1-5 SHS150×150×4 
C1-6 SHS150×150×4 
C2-1 SHS150×150×4 
C2-2 SHS150×150×4 
C2-3 SHS150×150×4 
C2-4 SHS150×150×4 
C2-5 SHS150×150×4 
C2-6 SHS150×150×4 
 
Brace L200×200×13 
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Table F12: System-based design of hinge joint Braced Frame 4 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
Frame 4 
BFY 
 
BX1-1 RHS200×100×9 
1.239 0.099 1.157 1.071 
BX1-2 RHS200×100×9 
BX1-3 RHS200×100×9 
BX1-4 RHS200×100×9 
BX2-1 RHS200×100×9 
BX2-2 RHS200×100×9 
BX2-3 RHS200×100×9 
BX2-4 RHS200×100×9 
BX3-1 RHS200×100×9 
BX3-2 RHS200×100×9 
BX3-3 RHS200×100×9 
BX3-4 RHS200×100×9 
BZ1-1 RHS200×100×9 
BZ1-2 RHS300×200×6 
BZ1-3 RHS200×100×9 
BZ2-1 RHS200×100×9 
BZ2-2 RHS300×200×6 
BZ2-3 RHS200×100×9 
BZ3-1 RHS200×100×9 
BZ3-2 RHS300×200×6 
BZ3-3 RHS200×100×9 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×16 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×16 
C1-6 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×16 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×16 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×16 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C3-5 SHS250×250×16 
C3-6 SHS250×250×12.5 
 
Brace L200×200×26 
    
Appendix F - System Reliability-Based Design Criteria for HSS Steel Frames 
 
604 
 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
 
CPY 
 
BX1-1 RHS400×200×8 
1.004 1.023 0.981 0.067 
BX1-2 RHS400×200×8 
BX1-3 RHS400×200×8 
BX1-4 RHS400×200×8 
BX2-1 RHS400×200×8 
BX2-2 RHS400×200×8 
BX2-3 RHS400×200×8 
BX2-4 RHS400×200×8 
BX3-1 RHS400×200×8 
BX3-2 RHS400×200×8 
BX3-3 RHS400×200×8 
BX3-4 RHS400×200×8 
BZ1-1 RHS400×200×8 
BZ1-2 RHS400×200×12.5 
BZ1-3 RHS400×200×8 
BZ2-1 RHS400×200×8 
BZ2-2 RHS400×200×12.5 
BZ2-3 RHS400×200×8 
BZ3-1 RHS400×200×8 
BZ3-2 RHS400×200×12.5 
BZ3-3 RHS400×200×8 
C1-1 SHS100×100×4 
C1-2 SHS125×125×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
C1-5 SHS125×125×4 
C1-6 SHS100×100×4 
C2-1 SHS100×100×4 
C2-2 SHS125×125×4 
C2-3 SHS100×100×4 
C2-4 SHS100×100×4 
C2-5 SHS125×125×4 
C2-6 SHS100×100×4 
C3-1 SHS100×100×4 
C3-2 SHS125×125×4 
C3-3 SHS100×100×4 
C3-4 SHS100×100×4 
C3-5 SHS125×125×4 
C3-6 SHS100×100×4 
 
Brace L300×300×10 
    
 
 
Appendix F - System Reliability-Based Design Criteria for HSS Steel Frames 
 
605 
 
 
 
Table F13: System-based design of hinge joint Braced Frame 5 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 SHS300×300×8 
1.282 0.114 1.200 1.068 
BX1-2 RHS300×200×8 
BX1-3 SHS300×300×8 
BX1-4 RHS300×200×8 
BX2-1 SHS300×300×8 
BX2-2 RHS300×200×8 
BX2-3 SHS300×300×8 
BX2-4 RHS300×200×8 
BX3-1 SHS300×300×8 
BX3-2 RHS300×200×8 
BX3-3 SHS300×300×8 
BX3-4 RHS300×200×8 
BX4-1 SHS300×300×8 
BX4-2 SHS300×300×8 
BX5-1 SHS300×300×8 
BX5-2 SHS300×300×8 
BX6-1 SHS300×300×8 
BX6-2 SHS300×300×8 
BZ1-1 SHS300×300×8 
BZ1-2 RHS400×300×10 
BZ1-3 RHS300×200×8 
BZ2-1 SHS300×300×8 
BZ2-2 RHS400×300×10 
BZ2-3 RHS300×200×8 
BZ3-1 SHS300×300×8 
BZ3-2 RHS400×300×10 
BZ3-3 RHS300×200×8 
BZ4-1 SHS300×300×8 
BZ4-2 RHS300×200×8 
BZ5-1 SHS300×300×8 
BZ5-2 RHS300×200×8 
BZ6-1 SHS300×300×8 
BZ6-2 RHS300×200×8 
C1-1 SHS200×200×9 
C1-2 SHS300×300×10 
C1-3 SHS200×200×9 
C1-4 SHS200×200×9 
C1-5 SHS300×300×10 
C1-6 SHS200×200×9 
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C2-1 SHS200×200×9 
C2-2 SHS300×300×10 
C2-3 SHS200×200×9 
C2-4 SHS200×200×9 
C2-5 SHS300×300×10 
C2-6 SHS200×200×9 
C3-1 SHS200×200×9 
C3-2 SHS300×300×10 
C3-3 SHS200×200×9 
C3-4 SHS200×200×9 
C3-5 SHS300×300×10 
C3-6 SHS200×200×9 
C4-1 SHS200×200×9 
C4-2 SHS200×200×9 
C4-3 SHS200×200×9 
C4-4 SHS200×200×9 
C5-1 SHS200×200×9 
C5-2 SHS200×200×9 
C5-3 SHS200×200×9 
C5-4 SHS200×200×9 
C6-1 SHS200×200×9 
C6-2 SHS200×200×9 
C6-3 SHS200×200×9 
C6-4 SHS200×200×9 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BPY-
CPY 
BX1-1 SHS350×350×10 
1.352 0.067 1.389 0.974 
BX1-2 SHS450×450×8 
BX1-3 SHS350×350×10 
BX1-4 SHS450×450×8 
BX2-1 SHS350×350×10 
BX2-2 SHS450×450×8 
BX2-3 SHS350×350×10 
BX2-4 SHS450×450×8 
BX3-1 SHS350×350×10 
BX3-2 SHS450×450×8 
BX3-3 SHS350×350×10 
BX3-4 SHS450×450×8 
BX4-1 SHS350×350×10 
BX4-2 SHS350×350×10 
BX5-1 SHS350×350×10 
BX5-2 SHS350×350×10 
BX6-1 SHS350×350×10 
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BX6-2 SHS350×350×10 
BZ1-1 SHS350×350×10 
BZ1-2 SHS450×450×8 
BZ1-3 SHS450×450×8 
BZ2-1 SHS350×350×10 
BZ2-2 SHS450×450×8 
BZ2-3 SHS450×450×8 
BZ3-1 SHS350×350×10 
BZ3-2 SHS450×450×8 
BZ3-3 SHS450×450×8 
BZ4-1 SHS350×350×10 
BZ4-2 SHS350×350×10 
BZ5-1 SHS350×350×10 
BZ5-2 SHS350×350×10 
BZ6-1 SHS350×350×10 
BZ6-2 SHS350×350×10 
C1-1 SHS150×150×6 
C1-2 SHS200×200×9 
C1-3 SHS150×150×6 
C1-4 SHS150×150×6 
C1-5 SHS200×200×9 
C1-6 SHS150×150×6 
C2-1 SHS150×150×6 
C2-2 SHS200×200×9 
C2-3 SHS150×150×6 
C2-4 SHS150×150×6 
C2-5 SHS200×200×9 
C2-6 SHS150×150×6 
C3-1 SHS150×150×6 
C3-2 SHS200×200×9 
C3-3 SHS150×150×6 
C3-4 SHS150×150×6 
C3-5 SHS200×200×9 
C3-6 SHS150×150×6 
C4-1 SHS150×150×6 
C4-2 SHS150×150×6 
C4-3 SHS150×150×6 
C4-4 SHS150×150×6 
C5-1 SHS150×150×6 
C5-2 SHS150×150×6 
C5-3 SHS150×150×6 
C5-4 SHS150×150×6 
C6-1 SHS150×150×6 
C6-2 SHS150×150×6 
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C6-3 SHS150×150×6 
C6-4 SHS150×150×6 
 
Brace L200×200×26 
    
 
Table F14: System-based design of hinge joint Braced Frame 6 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS300×200×8 
1.273 0.106 1.198 1.063 
BX1-2 RHS400×300×10 
BX1-3 RHS300×200×8 
BX1-4 RHS400×300×10 
BX1-5 RHS300×200×8 
BX2-1 RHS300×200×8 
BX2-2 RHS300×200×8 
BX2-3 RHS300×200×8 
BX2-4 RHS300×200×8 
BX3-1 RHS300×200×8 
BX3-2 RHS300×200×8 
BX4-1 RHS300×200×8 
BX4-2 RHS300×200×8 
BZ1-1 RHS300×200×8 
BZ1-2 RHS400×300×10 
BZ1-3 RHS300×200×8 
BZ1-4 RHS400×300×10 
BZ1-5 RHS300×200×8 
BZ2-1 RHS300×200×8 
BZ2-2 RHS400×300×10 
BZ2-3 RHS300×200×8 
BZ3-1 RHS300×200×8 
BZ3-2 RHS300×200×8 
BZ4-1 RHS300×200×8 
BZ4-2 RHS300×200×8 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×12.5 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
C1-8 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
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C2-5 SHS250×250×12.5 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C4-1 SHS250×250×12.5 
C4-2 SHS250×250×12.5 
C4-3 SHS250×250×12.5 
C4-4 SHS250×250×12.5 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
 
BX1-1 SHS400×400×16 
1.055 0.069 1.090 0.969 
BX1-2 SHS400×400×16 
BX1-3 SHS400×400×16 
BX1-4 SHS400×400×16 
BX1-5 SHS400×400×16 
BX2-1 SHS400×400×16 
BX2-2 SHS400×400×16 
BX2-3 SHS400×400×16 
BX2-4 SHS400×400×16 
BX3-1 SHS400×400×16 
BX3-2 SHS400×400×16 
BX4-1 SHS400×400×16 
BX4-2 SHS400×400×16 
BZ1-1 SHS400×400×16 
BZ1-2 SHS400×400×16 
BZ1-3 SHS400×400×16 
BZ1-4 SHS400×400×16 
BZ1-5 SHS400×400×16 
BZ2-1 SHS400×400×16 
BZ2-2 SHS400×400×16 
BZ2-3 SHS400×400×16 
BZ3-1 SHS400×400×16 
BZ3-2 SHS400×400×16 
BZ4-1 SHS400×400×16 
BZ4-2 SHS400×400×16 
C1-1 SHS150×150×5 
C1-2 SHS150×150×5 
C1-3 SHS150×150×5 
C1-4 SHS150×150×5 
C1-5 SHS150×150×5 
C1-6 SHS150×150×5 
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C1-7 SHS150×150×5 
C1-8 SHS150×150×5 
C2-1 SHS150×150×5 
C2-2 SHS150×150×5 
C2-3 SHS150×150×5 
C2-4 SHS150×150×5 
C2-5 SHS150×150×5 
C2-6 SHS150×150×5 
C3-1 SHS125×125×4 
C3-2 SHS125×125×4 
C3-3 SHS125×125×4 
C3-4 SHS125×125×4 
C4-1 SHS125×125×4 
C4-2 SHS125×125×4 
C4-3 SHS125×125×4 
C4-4 SHS125×125×4 
 
Brace L200×200×26 
    
 
Table F15: System-based design of hinge joint Braced Frame 7 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×6 
1.514 0.111 1.402 1.080 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS2300×200×8 
BX1-5 RHS2300×200×8 
BX1-6 RHS2300×200×8 
BX1-7 RHS250×150×6 
BX1-8 RHS250×150×6 
BX1-9 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS2300×200×8 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BX2-5 RHS250×150×6 
BX2-6 RHS250×150×6 
BX2-7 RHS250×150×6 
BX3-1 RHS250×150×6 
BX3-2 RHS250×150×6 
BX3-3 RHS250×150×6 
BX3-4 RHS250×150×6 
BX3-5 RHS250×150×6 
BX3-6 RHS250×150×6 
BX3-7 RHS250×150×6 
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BZ1-1 RHS250×150×6 
BZ1-2 RHS2300×200×8 
BZ1-3 RHS2300×200×8 
BZ1-4 RHS250×150×6 
BZ1-5 RHS250×150×6 
BZ1-6 RHS2300×200×8 
BZ1-7 RHS2300×200×8 
BZ1-8 RHS250×150×6 
BZ2-1 RHS250×150×6 
BZ2-2 RHS250×150×6 
BZ2-3 RHS250×150×6 
BZ2-4 RHS2300×200×8 
BZ2-5 RHS2300×200×8 
BZ2-6 RHS250×150×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS250×150×6 
BZ3-3 RHS250×150×6 
BZ3-4 RHS2300×200×8 
BZ3-5 RHS2300×200×8 
BZ3-6 RHS250×150×6 
C1-1 SHS250×250×9 
C1-2 SHS250×250×9 
C1-3 SHS250×250×9 
C1-4 SHS250×250×9 
 
C1-5 SHS250×250×9 
    
 
C1-6 SHS250×250×9 
    
 
C1-7 SHS250×250×9 
    
 
C1-8 SHS250×250×9 
    
 
C1-9 SHS250×250×9 
    
 
C1-10 SHS250×250×9 
    
 
C1-11 SHS250×250×9 
    
 
C1-12 SHS250×250×9 
    
 
C2-1 SHS250×250×9 
    
 
C2-2 SHS250×250×9 
    
 
C2-3 SHS250×250×9 
    
 
C2-4 SHS250×250×9 
    
 
C2-5 SHS250×250×9 
    
 
C2-6 SHS250×250×9 
    
 
C2-7 SHS250×250×9 
    
 
C2-8 SHS250×250×9 
    
 
C2-9 SHS250×250×9 
    
 
C2-10 SHS250×250×9 
    
 
C3-1 SHS250×250×9 
    
 
C3-2 SHS250×250×9 
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C3-3 SHS250×250×9 
    
 
C3-4 SHS250×250×9 
    
 
C3-5 SHS250×250×9 
    
 
C3-6 SHS250×250×9 
    
 
C3-7 SHS250×250×9 
    
 
C3-8 SHS250×250×9 
    
 
C3-9 SHS250×250×9 
    
 
C3-10 SHS250×250×9 
    Brace L200×200×26 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
 
BX1-1 RHS250×150×6 
1.261 0.085 1.228 1.027 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS300×200×8 
BX1-5 RHS300×200×8 
BX1-6 RHS300×200×8 
BX1-7 RHS250×150×6 
BX1-8 RHS250×150×6 
BX1-9 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS300×200×8 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BX2-5 RHS250×150×6 
BX2-6 RHS250×150×6 
BX2-7 RHS250×150×6 
BX3-1 RHS250×150×6 
BX3-2 RHS300×200×8 
BX3-3 RHS250×150×6 
BX3-4 RHS250×150×6 
BX3-5 RHS250×150×6 
BX3-6 RHS250×150×6 
BX3-7 RHS250×150×6 
BZ1-1 RHS250×150×6 
BZ1-2 RHS300×200×8 
BZ1-3 RHS300×200×8 
BZ1-4 RHS250×150×6 
BZ1-5 RHS250×150×6 
BZ1-6 RHS300×200×8 
BZ1-7 RHS300×200×8 
BZ1-8 RHS250×150×6 
BZ2-1 RHS250×150×6 
BZ2-2 RHS250×150×6 
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BZ2-3 RHS250×150×6 
BZ2-4 RHS300×200×8 
BZ2-5 RHS300×200×8 
BZ2-6 RHS250×150×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS250×150×6 
BZ3-3 RHS250×150×6 
BZ3-4 RHS300×200×8 
BZ3-5 RHS300×200×8 
BZ3-6 RHS250×150×6 
C1-1 SHS100×100×4 
C1-2 SHS100×100×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
 
C1-5 SHS125×125×3 
    
 
C1-6 SHS125×125×3 
    
 
C1-7 SHS125×125×3 
    
 
C1-8 SHS125×125×3 
    
 
C1-9 SHS100×100×4 
    
 
C1-10 SHS125×125×3 
    
 
C1-11 SHS125×125×3 
    
 
C1-12 SHS100×100×4 
    
 
C2-1 SHS100×100×4 
    
 
C2-2 SHS100×100×4 
    
 
C2-3 SHS125×125×3 
    
 
C2-4 SHS125×125×3 
    
 
C2-5 SHS125×125×3 
    
 
C2-6 SHS125×125×3 
    
 
C2-7 SHS100×100×4 
    
 
C2-8 SHS125×125×3 
    
 
C2-9 SHS125×125×3 
    
 
C2-10 SHS100×100×4 
    
 
C3-1 SHS100×100×4 
    
 
C3-2 SHS100×100×4 
    
 
C3-3 SHS125×125×3 
    
 
C3-4 SHS125×125×3 
    
 
C3-5 SHS125×125×3 
    
 
C3-6 SHS125×125×3 
    
 
C3-7 SHS100×100×4 
    
 
C3-8 SHS125×125×3 
    
 
C3-9 SHS125×125×3 
    
 
C3-10 SHS100×100×4 
    
 
Brace L200×200×26 
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Table F16: System-based design of hinge joint Braced Frame 8 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
 
BX1-1 RHS250×150×6 
1.409 0.081 1.376 1.024 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS250×150×6 
BX1-5 RHS250×150×6 
BX1-6 RHS300×200×8 
BX1-7 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS250×150×6 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BX2-5 RHS250×150×6 
BX2-6 RHS300×200×8 
BX2-7 RHS250×150×6 
BX3-1 RHS250×150×6 
BX3-2 RHS250×150×6 
BX3-3 RHS250×150×6 
BX3-4 RHS250×150×6 
BX3-5 RHS250×150×6 
BX3-6 RHS300×200×8 
BX3-7 RHS250×150×6 
BX4-1 RHS250×150×6 
BX4-2 RHS250×150×6 
BX4-3 RHS250×150×6 
BX4-4 RHS250×150×6 
BX4-5 RHS250×150×6 
BX4-6 RHS300×200×8 
BX4-7 RHS250×150×6 
BX5-1 RHS250×150×6 
BX5-2 RHS250×150×6 
BX5-3 RHS250×150×6 
BX5-4 RHS250×150×6 
BX5-5 RHS250×150×6 
BX5-6 RHS300×200×8 
BX5-7 RHS250×150×6 
BX6-1 RHS250×150×6 
BX6-2 RHS250×150×6 
BX6-3 RHS250×150×6 
BX6-4 RHS250×150×6 
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BX6-5 RHS250×150×6 
BX6-6 RHS300×200×8 
BX6-7 RHS250×150×6 
BZ1-1 RHS250×150×6 
BZ1-2 RHS300×200×8 
BZ1-3 RHS300×200×8 
BZ1-4 RHS250×150×6 
BZ1-5 RHS250×150×6 
BZ1-6 RHS250×150×6 
    
BZ2-1 RHS250×150×6 
    
BZ2-2 RHS300×200×8 
    
BZ2-3 RHS300×200×8 
    
BZ2-4 RHS250×150×6 
    
BZ2-5 RHS250×150×6 
    
BZ2-6 RHS250×150×6 
    
BZ3-1 RHS250×150×6 
    
BZ3-2 RHS300×200×8 
    
BZ3-3 RHS300×200×8 
    
BZ3-4 RHS250×150×6 
    
BZ3-5 RHS250×150×6 
    
BZ3-6 RHS250×150×6 
    
BZ4-1 RHS250×150×6 
    
BZ4-2 RHS300×200×8 
    
BZ4-3 RHS300×200×8 
    
BZ4-4 RHS250×150×6 
    
BZ4-5 RHS250×150×6 
    
BZ4-6 RHS250×150×6 
    
BZ5-1 RHS250×150×6 
    
BZ5-2 RHS300×200×8 
    
BZ5-3 RHS300×200×8 
    
BZ5-4 RHS250×150×6 
    
BZ5-5 RHS250×150×6 
    
BZ5-6 RHS250×150×6 
    
BZ6-1 RHS250×150×6 
    
BZ6-2 RHS300×200×8 
    
BZ6-3 RHS300×200×8 
    
BZ6-4 RHS250×150×6 
    
BZ6-5 RHS250×150×6 
    
BZ6-6 RHS250×150×6 
    
C1-1 SHS150×150×4 
    
C1-2 SHS200×200×5 
    
C1-3 SHS200×200×5 
    
C1-4 SHS150×150×4 
    
C1-5 SHS150×150×4 
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C1-6 SHS200×200×5 
    
C1-7 SHS250×250×9 
    
C1-8 SHS200×200×5 
    
C1-9 SHS150×150×4 
    
C1-10 SHS150×150×4 
    
C2-1 SHS150×150×4 
    
C2-2 SHS200×200×5 
    
C2-3 SHS200×200×5 
    
C2-4 SHS150×150×4 
    
C2-5 SHS150×150×4 
    
C2-6 SHS200×200×5 
    
C2-7 SHS250×250×9 
    
C2-8 SHS200×200×5 
    
C2-9 SHS150×150×4 
    
C2-10 SHS150×150×4 
    
C3-1 SHS150×150×4 
    
C3-2 SHS200×200×5 
    
C3-3 SHS200×200×5 
    
C3-4 SHS150×150×4 
    
C3-5 SHS150×150×4 
    
C3-6 SHS200×200×5 
    
C3-7 SHS250×250×9 
    
C3-8 SHS200×200×5 
    
C3-9 SHS150×150×4 
    
C3-10 SHS150×150×4 
    
C4-1 SHS125×125×4 
    
C4-2 SHS150×150×4 
    
C4-3 SHS150×150×4 
    
C4-4 SHS125×125×4 
    
C4-5 SHS125×125×4 
    
C4-6 SHS150×150×4 
    
C4-7 SHS250×250×6 
    
C4-8 SHS150×150×4 
    
C4-9 SHS125×125×4 
    
C4-10 SHS125×125×4 
    
C5-1 SHS125×125×4 
    
C5-2 SHS150×150×4 
    
C5-3 SHS150×150×4 
    
C5-4 SHS125×125×4 
    
C5-5 SHS125×125×4 
    
C5-6 SHS150×150×4 
    
C5-7 SHS250×250×6 
    
C5-8 SHS150×150×4 
    
C5-9 SHS125×125×4 
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C5-10 SHS125×125×4 
    
C6-1 SHS125×125×4 
    
C6-2 SHS150×150×4 
    
C6-3 SHS150×150×4 
    
C6-4 SHS125×125×4 
    
C6-5 SHS125×125×4 
    
C6-6 SHS150×150×4 
    
C6-7 SHS250×250×6 
    
C6-8 SHS150×150×4 
    
C6-9 SHS125×125×4 
    
C6-10 SHS125×125×4 
    
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 RHS300×200×8 
1.689 0.074 1.731 0.976 
BX1-2 RHS300×200×8 
BX1-3 RHS250×150×12.5 
BX1-4 RHS300×200×8 
BX1-5 RHS300×200×8 
BX1-6 SHS400×400×12.5 
BX1-7 RHS250×150×12.5 
BX2-1 RHS300×200×8 
BX2-2 RHS300×200×8 
BX2-3 RHS250×150×12.5 
BX2-4 RHS300×200×8 
BX2-5 RHS300×200×8 
BX2-6 SHS400×400×12.5 
BX2-7 RHS250×150×12.5 
BX3-1 RHS300×200×8 
BX3-2 RHS300×200×8 
BX3-3 RHS250×150×12.5 
BX3-4 RHS300×200×8 
BX3-5 RHS300×200×8 
BX3-6 SHS400×400×12.5 
BX3-7 RHS250×150×12.5 
BX4-1 RHS300×200×8 
BX4-2 RHS300×200×8 
BX4-3 RHS250×150×12.5 
BX4-4 RHS300×200×8 
BX4-5 RHS300×200×8 
BX4-6 SHS400×400×12.5 
BX4-7 RHS250×150×12.5 
BX5-1 RHS300×200×8 
BX5-2 RHS300×200×8 
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BX5-3 RHS250×150×12.5 
BX5-4 RHS300×200×8 
BX5-5 RHS300×200×8 
BX5-6 SHS400×400×12.5 
BX5-7 RHS250×150×12.5 
BX6-1 RHS300×200×8 
BX6-2 RHS300×200×8 
BX6-3 RHS250×150×12.5 
BX6-4 RHS300×200×8 
BX6-5 RHS300×200×8 
BX6-6 SHS400×400×12.5 
BX6-7 RHS250×150×12.5 
BZ1-1 RHS250×150×12.5 
BZ1-2 SHS400×400×12.5 
BZ1-3 SHS400×400×12.5 
BZ1-4 RHS250×150×12.5 
BZ1-5 RHS250×150×12.5 
BZ1-6 RHS250×150×12.5 
    
BZ2-1 RHS250×150×12.5 
    
BZ2-2 SHS400×400×12.5 
    
BZ2-3 SHS400×400×12.5 
    
BZ2-4 RHS250×150×12.5 
    
BZ2-5 RHS250×150×12.5 
    
BZ2-6 RHS250×150×12.5 
    
BZ3-1 RHS250×150×12.5 
    
BZ3-2 SHS400×400×12.5 
    
BZ3-3 SHS400×400×12.5 
    
BZ3-4 RHS250×150×12.5 
    
BZ3-5 RHS250×150×12.5 
    
BZ3-6 RHS250×150×12.5 
    
BZ4-1 RHS250×150×12.5 
    
BZ4-2 SHS400×400×12.5 
    
BZ4-3 SHS400×400×12.5 
    
BZ4-4 RHS250×150×12.5 
    
BZ4-5 RHS250×150×12.5 
    
BZ4-6 RHS250×150×12.5 
    
BZ5-1 RHS250×150×12.5 
    
BZ5-2 SHS400×400×12.5 
    
BZ5-3 SHS400×400×12.5 
    
BZ5-4 RHS250×150×12.5 
    
BZ5-5 RHS250×150×12.5 
    
BZ5-6 RHS250×150×12.5 
    
BZ6-1 RHS250×150×12.5 
    
BZ6-2 SHS400×400×12.5 
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BZ6-3 SHS400×400×12.5 
    
BZ6-4 RHS250×150×12.5 
    
BZ6-5 RHS250×150×12.5 
    
BZ6-6 RHS250×150×12.5 
    
C1-1 SHS150×150×4 
    
C1-2 SHS200×200×5 
    
C1-3 SHS200×200×5 
    
C1-4 SHS150×150×4 
    
C1-5 SHS150×150×4 
    
C1-6 SHS200×200×5 
    
C1-7 SHS250×250×9 
    
C1-8 SHS200×200×5 
    
C1-9 SHS150×150×4 
    
C1-10 SHS150×150×4 
    
C2-1 SHS150×150×4 
    
C2-2 SHS200×200×5 
    
C2-3 SHS200×200×5 
    
C2-4 SHS150×150×4 
    
C2-5 SHS150×150×4 
    
C2-6 SHS200×200×5 
    
C2-7 SHS250×250×9 
    
C2-8 SHS200×200×5 
    
C2-9 SHS150×150×4 
    
C2-10 SHS150×150×4 
    
C3-1 SHS150×150×4 
    
C3-2 SHS200×200×5 
    
C3-3 SHS200×200×5 
    
C3-4 SHS150×150×4 
    
C3-5 SHS150×150×4 
    
C3-6 SHS200×200×5 
    
C3-7 SHS250×250×9 
    
C3-8 SHS200×200×5 
    
C3-9 SHS150×150×4 
    
C3-10 SHS150×150×4 
    
C4-1 SHS125×125×4 
    
C4-2 SHS150×150×4 
    
C4-3 SHS150×150×4 
    
C4-4 SHS125×125×4 
    
C4-5 SHS125×125×4 
    
C4-6 SHS150×150×4 
    
C4-7 SHS250×250×6 
    
C4-8 SHS150×150×4 
    
C4-9 SHS125×125×4 
    
C4-10 SHS125×125×4 
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C5-1 SHS125×125×4 
    
C5-2 SHS150×150×4 
    
C5-3 SHS150×150×4 
    
C5-4 SHS125×125×4 
    
C5-5 SHS125×125×4 
    
C5-6 SHS150×150×4 
    
C5-7 SHS250×250×6 
    
C5-8 SHS150×150×4 
    
C5-9 SHS125×125×4 
    
C5-10 SHS125×125×4 
    
C6-1 SHS125×125×4 
    
C6-2 SHS150×150×4 
    
C6-3 SHS150×150×4 
    
C6-4 SHS125×125×4 
    
C6-5 SHS125×125×4 
    
C6-6 SHS150×150×4 
    
C6-7 SHS250×250×6 
    
C6-8 SHS150×150×4 
    
C6-9 SHS125×125×4 
    
C6-10 SHS125×125×4 
    
 
Brace L200×200×26 
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F.3 System-based design of HSS rigid joint braced frames 
under gravity loads using Method 2 
Table F17: System-based design of hinge joint Braced Frame 1 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX-1 RHS300×200×6 
1.712 0.057 1.705 1.004 
BX-2 RHS300×200×6 
BZ1 RHS400×200×8 
BZ-2 RHS400×200×8 
C1-1 SHS75×75×4 
C1-2 SHS75×75×4 
C1-3 SHS75×75×4 
C1-4 SHS75×75×4 
Brace L150×150×10 
 
Table F18: System-based design of hinge joint Braced Frame 2 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS300×200×6 
1.282 0.055 1.268 1.011 
BX1-2 RHS300×200×6 
BX2-1 RHS300×200×6 
BX2-2 RHS300×200×6 
BX3-1 RHS300×200×6 
BX3-2 RHS300×200×6 
BZ1-1 RHS300×200×6 
BZ1-2 RHS300×200×6 
BZ2-1 RHS300×200×6 
BZ2-2 RHS300×200×6 
BZ3-1 RHS300×200×6 
BZ3-2 RHS300×200×6 
C1-1 SHS100×100×4 
C1-2 SHS100×100×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
C2-1 SHS100×100×4 
C2-2 SHS100×100×4 
C2-3 SHS100×100×4 
C2-4 SHS100×100×4 
C3-1 SHS100×100×4 
C3-2 SHS100×100×4 
C3-3 SHS100×100×4 
Appendix F - System Reliability-Based Design Criteria for HSS Steel Frames 
 
622 
 
C3-4 SHS100×100×4 
 
Braces L200×200×16 
    Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 RHS400×200×8 
1.347 0.057 1.344 1.002 
BX1-2 RHS400×200×8 
BX2-1 RHS400×200×8 
BX2-2 RHS400×200×8 
BX3-1 RHS400×200×8 
BX3-2 RHS400×200×8 
BZ1-1 RHS400×200×8 
BZ1-2 RHS400×200×8 
BZ2-1 RHS400×200×8 
BZ2-2 RHS400×200×8 
BZ3-1 RHS400×200×8 
BZ3-2 RHS400×200×8 
C1-1 SHS100×100×4 
C1-2 SHS100×100×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
C2-1 SHS100×100×4 
C2-2 SHS100×100×4 
C2-3 SHS100×100×4 
C2-4 SHS100×100×4 
C3-1 SHS100×100×4 
C3-2 SHS100×100×4 
C3-3 SHS100×100×4 
C3-4 SHS100×100×4 
 
Braces L200×200×16 
     
Table F19: System-based design of hinge joint Braced Frame 3 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS200×100×6 
1.113 0.104 1.067 1.043 
BX1-2 RHS250×150×5 
BX1-3 RHS200×100×6 
BX1-4 RHS250×150×5 
BX2-1 RHS200×100×6 
BX2-2 RHS250×150×5 
BX2-3 RHS200×100×6 
BX2-4 RHS250×150×5 
BZ1-1 RHS200×100×6 
BZ1-2 RHS300×300×8 
BZ1-3 RHS200×100×6 
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BZ2-1 RHS200×100×6 
BZ2-2 RHS300×300×8 
BZ2-3 RHS200×100×6 
C1-1 SHS250×2 50×9 
C1-2 SHS250×250×10 
C1-3 SHS250×2 50×9 
C1-4 SHS250×2 50×9 
C1-5 SHS250×250×10 
C1-6 SHS250×2 50×9 
C2-1 SHS250×2 50×9 
C2-2 SHS250×250×10 
C2-3 SHS250×2 50×9 
C2-4 SHS250×2 50×9 
C2-5 SHS250×250×10 
C2-6 SHS250×2 50×9 
Brace  L200×200×13 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×6 
1.129 
 
0.107 
 
1.058 
 
1.067 
 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS250×150×6 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BZ1-1 RHS250×150×6 
BZ1-2 SHS300×300×8 
BZ1-3 RHS250×150×6 
BZ2-1 RHS250×150×6 
BZ2-2 SHS300×300×8 
BZ2-3 RHS250×150×6 
C1-1 SHS100×100×4 
C1-2 SHS150×150×3 
C1-3 SHS150×150×4 
C1-4 SHS100×100×4 
C1-5 SHS150×150×3 
C1-6 SHS150×150×4 
C2-1 SHS100×100×4 
C2-2 SHS100×100×4 
C2-3 SHS150×150×4 
C2-4 SHS100×100×4 
C2-5 SHS100×100×4 
C2-6 SHS150×150×4 
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Brace  L200×200×13 
    Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 SHS300×300×8 
1.558 0.058 1.503 1.036 
BX1-2 SHS300×300×8 
BX1-3 SHS300×300×8 
BX1-4 SHS300×300×8 
BX2-1 SHS300×300×8 
BX2-2 SHS300×300×8 
BX2-3 SHS300×300×8 
BX2-4 SHS300×300×8 
BZ1-1 SHS300×300×8 
BZ1-2 SHS300×300×8 
BZ1-3 SHS300×300×8 
BZ2-1 SHS300×300×8 
BZ2-2 SHS300×300×8 
BZ2-3 SHS300×300×8 
C1-1 SHS100×100×4 
C1-2 SHS150×150×3 
C1-3 SHS150×150×4 
C1-4 SHS100×100×4 
C1-5 SHS150×150×3 
C1-6 SHS150×150×4 
C2-1 SHS100×100×4 
C2-2 SHS100×100×4 
C2-3 SHS150×150×4 
C2-4 SHS100×100×4 
C2-5 SHS100×100×4 
C2-6 SHS150×150×4 
 
Brace  L200×200×13 
     
Table F20: System-based design of hinge joint Braced Frame 4 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
Frame 4 
BFY 
 
BX1-1 RHS150×100×6 
1.052 0.091 1.041 1.010 
BX1-2 RHS150×100×6 
BX1-3 RHS150×100×6 
BX1-4 RHS150×100×6 
BX2-1 RHS150×100×6 
BX2-2 RHS150×100×6 
BX2-3 RHS150×100×6 
BX2-4 RHS150×100×6 
BX3-1 RHS150×100×6 
BX3-2 RHS150×100×6 
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BX3-3 RHS150×100×6 
BX3-4 RHS150×100×6 
BZ1-1 RHS150×100×6 
BZ1-2 RHS250×150×9 
BZ1-3 RHS150×100×6 
BZ2-1 RHS150×100×6 
BZ2-2 RHS250×150×9 
BZ2-3 RHS150×100×6 
BZ3-1 RHS150×100×6 
BZ3-2 RHS250×150×9 
BZ3-3 RHS150×100×6 
C1-1 SHS250×250×6 
C1-2 SHS250×250×10 
C1-3 SHS250×250×6 
C1-4 SHS250×250×6 
C1-5 SHS250×250×10 
C1-6 SHS250×250×6 
C2-1 SHS250×250×6 
C2-2 SHS250×250×10 
C2-3 SHS250×250×6 
C2-4 SHS250×250×6 
C2-5 SHS250×250×10 
C2-6 SHS250×250×6 
C3-1 SHS250×250×6 
C3-2 SHS250×250×10 
C3-3 SHS250×250×6 
C3-4 SHS250×250×6 
C3-5 SHS250×250×10 
C3-6 SHS250×250×6 
 
Brace L300×300×10 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
Frame 4 
CPY 
 
BX1-1 RHS400×200×8 
1.346 0.064 1.332 1.011 
BX1-2 RHS400×200×8 
BX1-3 RHS400×200×8 
BX1-4 RHS400×200×8 
BX2-1 RHS400×200×8 
BX2-2 RHS400×200×8 
BX2-3 RHS400×200×8 
BX2-4 RHS400×200×8 
BX3-1 RHS400×200×8 
BX3-2 RHS400×200×8 
BX3-3 RHS400×200×8 
BX3-4 RHS400×200×8 
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BZ1-1 RHS400×200×8 
BZ1-2 RHS400×200×12.5 
BZ1-3 RHS400×200×8 
BZ2-1 RHS400×200×8 
BZ2-2 RHS400×200×12.5 
BZ2-3 RHS400×200×8 
BZ3-1 RHS400×200×8 
BZ3-2 RHS400×200×12.5 
BZ3-3 RHS400×200×8 
C1-1 SHS100×100×4 
C1-2 SHS125×125×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
C1-5 SHS125×125×4 
C1-6 SHS100×100×4 
C2-1 SHS100×100×4 
C2-2 SHS125×125×4 
C2-3 SHS100×100×4 
C2-4 SHS100×100×4 
C2-5 SHS125×125×4 
C2-6 SHS100×100×4 
C3-1 SHS100×100×4 
C3-2 SHS125×125×4 
C3-3 SHS100×100×4 
C3-4 SHS100×100×4 
C3-5 SHS125×125×4 
C3-6 SHS100×100×4 
 
Brace L300×300×10 
    
 
Table F21: System-based design of hinge joint Braced Frame 5 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×150×6 
1.216 0.099 1.138 1.069 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS250×150×6 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BX3-1 RHS250×150×6 
BX3-2 RHS250×150×6 
BX3-3 RHS250×150×6 
BX3-4 RHS250×150×6 
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BX4-1 RHS250×150×6 
BX4-2 RHS250×150×6 
BX5-1 RHS250×150×6 
BX5-2 RHS250×150×6 
BX6-1 RHS250×150×6 
BX6-2 RHS250×150×6 
BZ1-1 RHS250×150×6 
BZ1-2 RHS400×300×10 
BZ1-3 RHS250×150×6 
BZ2-1 RHS250×150×6 
BZ2-2 RHS400×300×10 
BZ2-3 RHS250×150×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS400×300×10 
BZ3-3 RHS250×150×6 
BZ4-1 RHS250×150×6 
BZ4-2 RHS250×150×6 
BZ5-1 RHS250×150×6 
BZ5-2 RHS250×150×6 
BZ6-1 RHS250×150×6 
BZ6-2 RHS250×150×6 
C1-1 SHS200×200×9 
C1-2 SHS300×300×10 
C1-3 SHS200×200×9 
C1-4 SHS200×200×9 
C1-5 SHS300×300×10 
C1-6 SHS200×200×9 
C2-1 SHS200×200×9 
C2-2 SHS300×300×10 
C2-3 SHS200×200×9 
C2-4 SHS200×200×9 
C2-5 SHS300×300×10 
C2-6 SHS200×200×9 
C3-1 SHS200×200×9 
C3-2 SHS300×300×10 
C3-3 SHS200×200×9 
C3-4 SHS200×200×9 
C3-5 SHS300×300×10 
C3-6 SHS200×200×9 
C4-1 SHS200×200×9 
C4-2 SHS200×200×9 
C4-3 SHS200×200×9 
C4-4 SHS200×200×9 
C5-1 SHS200×200×9 
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C5-2 SHS200×200×9 
C5-3 SHS200×200×9 
C5-4 SHS200×200×9 
C6-1 SHS200×200×9 
C6-2 SHS200×200×9 
C6-3 SHS200×200×9 
C6-4 SHS200×200×9 
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
Frame 5 
CFY 
 
BX1-1 SHS350×350×8 
1.793 0.076 1.747 1.026 
BX1-2 SHS350×350×8 
BX1-3 SHS350×350×8 
BX1-4 SHS350×350×8 
BX2-1 SHS350×350×8 
BX2-2 SHS350×350×8 
BX2-3 SHS350×350×8 
BX2-4 SHS350×350×8 
BX3-1 SHS350×350×8 
BX3-2 SHS350×350×8 
BX3-3 SHS350×350×8 
BX3-4 SHS350×350×8 
BX4-1 SHS350×350×8 
BX4-2 SHS350×350×8 
BX5-1 SHS350×350×8 
BX5-2 SHS350×350×8 
BX6-1 SHS350×350×8 
BX6-2 SHS350×350×8 
BZ1-1 SHS350×350×8 
BZ1-2 SHS450×450×8 
BZ1-3 SHS350×350×8 
BZ2-1 SHS350×350×8 
BZ2-2 SHS450×450×8 
BZ2-3 SHS350×350×8 
BZ3-1 SHS350×350×8 
BZ3-2 SHS450×450×8 
BZ3-3 SHS350×350×8 
BZ4-1 SHS350×350×8 
BZ4-2 SHS350×350×8 
BZ5-1 SHS350×350×8 
BZ5-2 SHS350×350×8 
BZ6-1 SHS350×350×8 
BZ6-2 SHS350×350×8 
C1-1 SHS150×150×6 
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C1-2 SHS200×200×9 
C1-3 SHS150×150×6 
C1-4 SHS150×150×6 
C1-5 SHS200×200×9 
C1-6 SHS150×150×6 
C2-1 SHS150×150×6 
C2-2 SHS200×200×9 
C2-3 SHS150×150×6 
C2-4 SHS150×150×6 
C2-5 SHS200×200×9 
C2-6 SHS150×150×6 
C3-1 SHS150×150×6 
C3-2 SHS200×200×9 
C3-3 SHS150×150×6 
C3-4 SHS150×150×6 
C3-5 SHS200×200×9 
C3-6 SHS150×150×6 
C4-1 SHS150×150×6 
C4-2 SHS150×150×6 
C4-3 SHS150×150×6 
C4-4 SHS150×150×6 
C5-1 SHS150×150×6 
C5-2 SHS150×150×6 
C5-3 SHS150×150×6 
C5-4 SHS150×150×6 
C6-1 SHS150×150×6 
C6-2 SHS150×150×6 
C6-3 SHS150×150×6 
C6-4 SHS150×150×6 
 
Brace L300×300×10 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 SHS300×300×8 
2.126 0.090 2.057 1.034 
BX1-2 RHS300×200×8 
BX1-3 SHS300×300×8 
BX1-4 RHS300×200×8 
BX2-1 SHS300×300×8 
BX2-2 RHS300×200×8 
BX2-3 SHS300×300×8 
BX2-4 RHS300×200×8 
BX3-1 SHS300×300×8 
BX3-2 RHS300×200×8 
BX3-3 SHS300×300×8 
BX3-4 RHS300×200×8 
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BX4-1 SHS300×300×8 
BX4-2 SHS300×300×8 
BX5-1 SHS300×300×8 
BX5-2 SHS300×300×8 
BX6-1 SHS300×300×8 
BX6-2 SHS300×300×8 
BZ1-1 SHS300×300×8 
BZ1-2 RHS400×300×10 
BZ1-3 RHS300×200×8 
BZ2-1 SHS300×300×8 
BZ2-2 RHS400×300×10 
BZ2-3 RHS300×200×8 
BZ3-1 SHS300×300×8 
BZ3-2 RHS400×300×10 
BZ3-3 RHS300×200×8 
BZ4-1 SHS300×300×8 
BZ4-2 SHS300×300×8 
BZ5-1 SHS300×300×8 
BZ5-2 SHS300×300×8 
BZ6-1 SHS300×300×8 
BZ6-2 SHS300×300×8 
C1-1 SHS200×200×9 
C1-2 SHS300×300×10 
C1-3 SHS200×200×9 
C1-4 SHS200×200×9 
C1-5 SHS300×300×10 
C1-6 SHS200×200×9 
C2-1 SHS200×200×9 
C2-2 SHS300×300×10 
C2-3 SHS200×200×9 
C2-4 SHS200×200×9 
C2-5 SHS300×300×10 
C2-6 SHS200×200×9 
C3-1 SHS200×200×9 
C3-2 SHS300×300×10 
C3-3 SHS200×200×9 
C3-4 SHS200×200×9 
C3-5 SHS300×300×10 
C3-6 SHS200×200×9 
C4-1 SHS200×200×9 
C4-2 SHS200×200×9 
C4-3 SHS200×200×9 
C4-4 SHS200×200×9 
C5-1 SHS200×200×9 
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C5-2 SHS200×200×9 
C5-3 SHS200×200×9 
C5-4 SHS200×200×9 
C6-1 SHS200×200×9 
C6-2 SHS200×200×9 
C6-3 SHS200×200×9 
C6-4 SHS200×200×9 
 
Brace L200×200×26 
    
 
Table F22: System-based design of hinge joint Braced Frame 6 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×6 
1.221 0.106 1.155 1.057 
BX1-2 RHS400×300×10 
BX1-3 RHS250×150×6 
BX1-4 SHS300×300×8 
BX1-5 RHS250×150×6 
BX2-1 RHS300×200×8 
BX2-2 RHS250×150×6 
BX2-3 RHS300×200×8 
BX2-4 RHS250×150×6 
BX3-1 RHS300×200×8 
BX3-2 RHS300×200×8 
BX4-1 RHS300×200×8 
BX4-2 RHS300×200×8 
BZ1-1 RHS250×150×6 
BZ1-2 SHS400×300×10 
BZ1-3 RHS250×150×6 
BZ1-4 SHS300×300×8 
BZ1-5 RHS250×150×6 
BZ2-1 RHS300×200×8 
BZ2-2 SHS400×300×10 
BZ2-3 RHS300×200×8 
BZ3-1 RHS300×200×8 
BZ3-2 RHS300×200×8 
BZ4-1 RHS300×200×8 
BZ4-2 RHS300×200×8 
C1-1 SHS250×250×12.5 
C1-2 SHS250×250×12.5 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×12.5 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
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C1-8 SHS250×250×12.5 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×12.5 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×12.5 
C2-6 SHS250×250×12.5 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C4-1 SHS250×250×12.5 
C4-2 SHS250×250×12.5 
C4-3 SHS250×250×12.5 
C4-4 SHS250×250×12.5 
 
Brace L300×300×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
 
BX1-1 RHS250×150×9 
1.768 0.109 1.678 1.054 
BX1-2 RHS400×300×10 
BX1-3 RHS250×150×9 
BX1-4 SHS300×300×8 
BX1-5 RHS250×150×9 
BX2-1 RHS300×200×8 
BX2-2 RHS250×150×9 
BX2-3 RHS300×200×8 
BX2-4 RHS250×150×9 
BX3-1 RHS300×200×8 
BX3-2 RHS300×200×8 
BX4-1 RHS300×200×8 
BX4-2 RHS300×200×8 
BZ1-1 RHS250×150×9 
BZ1-2 RHS400×300×10 
BZ1-3 RHS250×150×9 
BZ1-4 SHS300×300×8 
BZ1-5 RHS250×150×9 
BZ2-1 RHS300×200×8 
BZ2-2 RHS400×300×10 
BZ2-3 RHS250×150×9 
BZ3-1 RHS300×200×8 
BZ3-2 RHS300×200×8 
BZ4-1 RHS300×200×8 
BZ4-2 RHS300×200×8 
C1-1 SHS250×250×9 
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C1-2 SHS250×250×9 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×9 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
C1-8 SHS250×250×9 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×9 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×12.5 
C2-6 SHS250×250×9 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C4-1 SHS250×250×12.5 
C4-2 SHS250×250×12.5 
C4-3 SHS250×250×12.5 
C4-4 SHS250×250×12.5 
 
Brace L300×300×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CPY 
 
BX1-1 RHS250×150×5 
1.603 0.101 1.501 1.068 
BX1-2 RHS400×300×10 
BX1-3 RHS250×150×5 
BX1-4 RHS400×300×10 
BX1-5 RHS250×150×5 
BX2-1 FHS300×200×8 
BX2-2 RHS250×150×5 
BX2-3 RHS300×200×8 
BX2-4 RHS300×200×8 
BX3-1 RHS300×200×8 
BX3-2 RHS300×200×8 
BX4-1 RHS300×200×8 
BX4-2 RHS300×200×8 
BZ1-1 RHS250×150×5 
BZ1-2 RHS400×300×10 
BZ1-3 RHS250×150×5 
BZ1-4 RHS400×300×10 
BZ1-5 RHS250×150×5 
BZ2-1 RHS300×200×8 
BZ2-2 RHS400×300×10 
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BZ2-3 RHS250×150×5 
BZ3-1 RHS300×200×8 
BZ3-2 RHS300×200×8 
BZ4-1 RHS300×200×8 
BZ4-2 RHS300×200×8 
C1-1 SHS250×250×9 
C1-2 SHS250×250×9 
C1-3 SHS250×250×12.5 
C1-4 SHS250×250×12.5 
C1-5 SHS250×250×9 
C1-6 SHS250×250×12.5 
C1-7 SHS250×250×12.5 
C1-8 SHS250×250×9 
C2-1 SHS250×250×12.5 
C2-2 SHS250×250×12.5 
C2-3 SHS250×250×9 
C2-4 SHS250×250×12.5 
C2-5 SHS250×250×12.5 
C2-6 SHS250×250×9 
C3-1 SHS250×250×12.5 
C3-2 SHS250×250×12.5 
C3-3 SHS250×250×12.5 
C3-4 SHS250×250×12.5 
C4-1 SHS250×250×12.5 
C4-2 SHS250×250×12.5 
C4-3 SHS250×250×12.5 
C4-4 SHS250×250×12.5 
 
Brace L300×300×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
BX1-1 RHS400×300×10 
1.453 0.057 1.434 1.013 
BX1-2 SHS400×400×16 
BX1-3 RHS400×300×10 
BX1-4 RHS400×300×10 
BX1-5 RHS400×300×10 
BX2-1 RHS400×300×10 
BX2-2 RHS400×300×10 
BX2-3 RHS400×300×10 
BX2-4 RHS400×300×10 
BX3-1 RHS400×300×10 
BX3-2 RHS400×300×10 
BX4-1 RHS400×300×10 
BX4-2 RHS400×300×10 
BZ1-1 RHS400×300×10 
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BZ1-2 SHS400×400×16 
BZ1-3 RHS400×300×10 
BZ1-4 RHS400×300×10 
BZ1-5 RHS400×300×10 
BZ2-1 RHS400×300×10 
BZ2-2 SHS400×400×16 
BZ2-3 RHS400×300×10 
BZ3-1 RHS400×300×10 
BZ3-2 RHS400×300×10 
BZ4-1 RHS400×300×10 
BZ4-2 RHS400×300×10 
C1-1 SHS100×100×3 
C1-2 SHS100×100×3 
C1-3 SHS250×250×9 
C1-4 SHS250×250×9 
C1-5 SHS100×100×3 
C1-6 SHS250×250×9 
C1-7 SHS250×250×9 
C1-8 SHS100×100×3 
C2-1 SHS250×250×9 
C2-2 SHS250×250×9 
C2-3 SHS100×100×3 
C2-4 SHS250×250×9 
C2-5 SHS250×250×9 
C2-6 SHS100×100×3 
C3-1 SHS250×250×9 
C3-2 SHS250×250×9 
C3-3 SHS250×250×9 
C3-4 SHS250×250×9 
C4-1 SHS250×250×9 
C4-2 SHS250×250×9 
C4-3 SHS250×250×9 
C4-4 SHS250×250×9 
 
Brace L300×300×26 
    
 
Table F23: System-based design of rigid joint Braced Frame 7 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY 
BX1-1 RHS250×150×6 
1.172 0.104 1.111 1.055 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS300×200×6 
BX1-5 RHS300×200×6 
BX1-6 RHS300×200×6 
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BX1-7 RHS250×150×6 
BX1-8 RHS250×150×6 
BX1-9 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS300×200×6 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BX2-5 RHS250×150×6 
BX2-6 RHS250×150×6 
BX2-7 RHS250×150×6 
BX3-1 RHS250×150×6 
BX3-2 RHS300×200×6 
BX3-3 RHS250×150×6 
BX3-4 RHS250×150×6 
BX3-5 RHS250×150×6 
BX3-6 RHS250×150×6 
BX3-7 RHS250×150×6 
BZ1-1 RHS250×150×6 
BZ1-2 RHS300×200×6 
BZ1-3 RHS300×200×6 
BZ1-4 RHS250×150×6 
BZ1-5 RHS250×150×6 
BZ1-6 RHS300×200×6 
BZ1-7 RHS300×200×6 
BZ1-8 RHS250×150×6 
BZ2-1 RHS250×150×6 
BZ2-2 RHS250×150×6 
BZ2-3 RHS250×150×6 
BZ2-4 RHS300×200×6 
BZ2-5 RHS300×200×6 
BZ2-6 RHS250×150×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS250×150×6 
BZ3-3 RHS250×150×6 
BZ3-4 RHS300×200×6 
BZ3-5 RHS300×200×6 
BZ3-6 RHS250×150×6 
C1-1 SHS100×100×4 
C1-2 SHS100×100×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
 
C1-5 SHS125×125×4 
    
 
C1-6 SHS125×125×4 
    
 
C1-7 SHS125×125×4 
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C1-8 SHS125×125×4 
    
 
C1-9 SHS100×100×4 
    
 
C1-10 SHS125×125×4 
    
 
C1-11 SHS125×125×4 
    
 
C1-12 SHS100×100×4 
    
 
C2-1 SHS100×100×4 
    
 
C2-2 SHS100×100×4 
    
 
C2-3 SHS125×125×4 
    
 
C2-4 SHS125×125×4 
    
 
C2-5 SHS100×100×4 
    
 
C2-6 SHS100×100×4 
    
 
C2-7 SHS100×100×4 
    
 
C2-8 SHS125×125×4 
    
 
C2-9 SHS100×100×4 
    
 
C2-10 SHS100×100×4 
    
 
C3-1 SHS100×100×4 
    
 
C3-2 SHS100×100×4 
    
 
C3-3 SHS125×125×4 
    
 
C3-4 SHS125×125×4 
    
 
C3-5 SHS100×100×4 
    
 
C3-6 SHS100×100×4 
    
 
C3-7 SHS100×100×4 
    
 
C3-8 SHS125×125×4 
    
 
C3-9 SHS100×100×4 
    
 
 
C3-10 SHS100×100×4 
    Brace L200×200×26 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
CPY 
 
BX1-1 RHS250×150×6 
1.403 0.081 1.400 1.002 
BX1-2 RHS250×150×6 
BX1-3 RHS250×150×6 
BX1-4 RHS300×200×8 
BX1-5 RHS300×200×8 
BX1-6 RHS300×200×8 
BX1-7 RHS250×150×6 
BX1-8 RHS250×150×6 
BX1-9 RHS250×150×6 
BX2-1 RHS250×150×6 
BX2-2 RHS300×200×8 
BX2-3 RHS250×150×6 
BX2-4 RHS250×150×6 
BX2-5 RHS250×150×6 
BX2-6 RHS250×150×6 
BX2-7 RHS250×150×6 
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BX3-1 RHS250×150×6 
BX3-2 RHS300×200×8 
BX3-3 RHS250×150×6 
BX3-4 RHS250×150×6 
BX3-5 RHS250×150×6 
BX3-6 RHS250×150×6 
BX3-7 RHS250×150×6 
BZ1-1 RHS250×150×6 
BZ1-2 RHS300×200×8 
BZ1-3 RHS300×200×8 
BZ1-4 RHS250×150×6 
BZ1-5 RHS250×150×6 
BZ1-6 RHS300×200×8 
BZ1-7 RHS300×200×8 
BZ1-8 RHS250×150×6 
BZ2-1 RHS250×150×6 
BZ2-2 RHS250×150×6 
BZ2-3 RHS250×150×6 
BZ2-4 RHS300×200×8 
BZ2-5 RHS300×200×8 
BZ2-6 RHS250×150×6 
BZ3-1 RHS250×150×6 
BZ3-2 RHS250×150×6 
BZ3-3 RHS250×150×6 
BZ3-4 RHS300×200×8 
BZ3-5 RHS300×200×8 
BZ3-6 RHS250×150×6 
C1-1 SHS100×100×4 
C1-2 SHS100×100×4 
C1-3 SHS100×100×4 
C1-4 SHS100×100×4 
 
C1-5 SHS125×125×4 
    
 
C1-6 SHS125×125×4 
    
 
C1-7 SHS125×125×4 
    
 
C1-8 SHS125×125×4 
    
 
C1-9 SHS100×100×4 
    
 
C1-10 SHS125×125×4 
    
 
C1-11 SHS125×125×4 
    
 
C1-12 SHS100×100×4 
    
 
C2-1 SHS100×100×4 
    
 
C2-2 SHS100×100×4 
    
 
C2-3 SHS125×125×4 
    
 
C2-4 SHS125×125×4 
    
 
C2-5 SHS100×100×4 
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C2-6 SHS100×100×4 
    
 
C2-7 SHS100×100×4 
    
 
C2-8 SHS125×125×4 
    
 
C2-9 SHS100×100×4 
    
 
C2-10 SHS100×100×4 
    
 
C3-1 SHS100×100×4 
    
 
C3-2 SHS100×100×4 
    
 
C3-3 SHS125×125×4 
    
 
C3-4 SHS125×125×4 
    
 
C3-5 SHS100×100×4 
    
 
C3-6 SHS100×100×4 
    
 
C3-7 SHS100×100×4 
    
 
C3-8 SHS125×125×4 
    
 
C3-9 SHS100×100×4 
    
 
C3-10 SHS100×100×4 
    
 
Brace L300×300×26 
    
 
Table F24: System-based design of rigid joint Braced Frame 8 under gravity loads 
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CFY 
BX1-1 RHS250×100×8 
1.267 0.094 1.187 1.068 
BX1-2 RHS250×100×8 
BX1-3 RHS200×100×6 
BX1-4 RHS250×100×8 
BX1-5 RHS250×100×8 
BX1-6 RHS250×150×6 
BX1-7 RHS250×100×8 
BX2-1 RHS250×100×8 
BX2-2 RHS250×100×8 
BX2-3 RHS200×100×6 
BX2-4 RHS250×100×8 
BX2-5 RHS250×100×8 
BX2-6 RHS250×150×6 
BX2-7 RHS250×100×8 
BX3-1 RHS250×100×8 
BX3-2 RHS250×100×8 
BX3-3 RHS200×100×6 
BX3-4 RHS250×100×8 
BX3-5 RHS250×100×8 
BX3-6 RHS250×150×6 
BX3-7 RHS250×100×8 
BX4-1 RHS250×100×8 
BX4-2 RHS250×100×8 
BX4-3 RHS200×100×6 
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BX4-4 RHS250×100×8 
BX4-5 RHS250×100×8 
BX4-6 RHS250×150×6 
BX4-7 RHS250×100×8 
BX5-1 RHS250×100×8 
BX5-2 RHS250×100×8 
BX5-3 RHS200×100×6 
BX5-4 RHS250×100×8 
BX5-5 RHS250×100×8 
BX5-6 RHS250×150×6 
BX5-7 RHS250×100×8 
BX6-1 RHS250×100×8 
BX6-2 RHS250×100×8 
BX6-3 RHS200×100×6 
BX6-4 RHS250×100×8 
BX6-5 RHS250×100×8 
BX6-6 RHS200×100×6 
BX6-7 RHS250×100×8 
BZ1-1 RHS150×100×8 
BZ1-2 RHS250×150×6 
BZ1-3 RHS250×150×6 
BZ1-4 RHS200×100×6 
BZ1-5 RHS150×100×8 
BZ1-6 RHS150×100×8 
    
BX2-1 RHS150×100×8 
    
BX2-2 RHS250×150×6 
    
BX2-3 RHS250×150×6 
    
BX2-4 RHS200×100×6 
    
BX2-5 RHS150×100×8 
    
BX2-6 RHS150×100×8 
    
BX3-1 RHS150×100×8 
    
BX3-2 RHS250×150×6 
    
BX3-3 RHS250×150×6 
    
BX3-4 RHS200×100×6 
    
BX3-5 RHS150×100×8 
    
BX3-6 RHS150×100×8 
    
BX4-1 RHS150×100×8 
    
BX4-2 RHS250×150×6 
    
BX4-3 RHS250×150×6 
    
BX4-4 RHS200×100×6 
    
BX4-5 RHS150×100×8 
    
BX4-6 RHS150×100×8 
    
BX5-1 RHS150×100×8 
    
BX5-2 RHS250×150×6 
    
Appendix F - System Reliability-Based Design Criteria for HSS Steel Frames 
 
641 
 
BX5-3 RHS250×150×6 
    
BX5-4 RHS200×100×6 
    
BX5-5 RHS150×100×8 
    
BX5-6 RHS150×100×8 
    
BX6-1 RHS150×100×8 
    
BX6-2 RHS250×150×6 
    
BX6-3 RHS250×150×6 
    
BX6-4 RHS200×100×6 
    
BX6-5 RHS150×100×8 
    
BX6-6 RHS150×100×8 
    
C1-1 SHS150×150×4 
    
C1-2 SHS150×150×4 
    
C1-3 SHS150×150×4 
    
C1-4 SHS150×150×4 
    
C1-5 SHS150×150×4 
    
C1-6 SHS150×150×4 
    
C1-7 SHS150×150×4 
    
C1-8 SHS150×150×4 
    
C1-9 SHS150×150×4 
    
C1-10 SHS150×150×4 
    
C2-1 SHS150×150×4 
    
C2-2 SHS150×150×4 
    
C2-3 SHS150×150×4 
    
C2-4 SHS150×150×4 
    
C2-5 SHS150×150×4 
    
C2-6 SHS150×150×4 
    
C2-7 SHS150×150×4 
    
C2-8 SHS150×150×4 
    
C2-9 SHS150×150×4 
    
C2-10 SHS150×150×4 
    
C3-1 SHS150×150×4 
    
C3-2 SHS150×150×4 
    
C3-3 SHS150×150×4 
    
C3-4 SHS150×150×4 
    
C3-5 SHS150×150×4 
    
C3-6 SHS150×150×4 
    
C3-7 SHS150×150×4 
    
C3-8 SHS150×150×4 
    
C3-9 SHS150×150×4 
    
C3-10 SHS150×150×4 
    
C4-1 SHS250×250×6 
    
C4-2 SHS250×250×6 
    
C4-3 SHS250×250×6 
    
C4-4 SHS250×250×6 
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C4-5 SHS250×250×6 
    
C4-6 SHS250×250×6 
    
C4-7 SHS250×250×6 
    
C4-8 SHS250×250×6 
    
C4-9 SHS250×250×6 
    
C4-10 SHS250×250×6 
    
C5-1 SHS250×250×6 
    
C5-2 SHS250×250×6 
    
C5-3 SHS250×250×6 
    
C5-4 SHS250×250×6 
    
C5-5 SHS250×250×6 
    
C5-6 SHS250×250×6 
    
C5-7 SHS250×250×6 
    
C5-8 SHS250×250×6 
    
C5-9 SHS250×250×6 
    
C5-10 SHS250×250×6 
    
C6-1 SHS250×250×6 
    
C6-2 SHS250×250×6 
    
C6-3 SHS250×250×6 
    
C6-4 SHS250×250×6 
    
C6-5 SHS250×250×6 
    
C6-6 SHS250×250×6 
    
C6-7 SHS250×250×6 
    
C6-8 SHS250×250×6 
    
C6-9 SHS250×250×6 
    
C6-10 SHS250×250×6 
    
 
Brace L200×200×26 
    
Failure 
Mode 
Members Section λm COV λn Rm/Rn 
BFY-CPY 
BX1-1 RHS150×100×8 
1.422 0.098 1.337 1.063 
BX1-2 RHS150×100×8 
BX1-3 RHS200×100×6 
BX1-4 RHS150×100×8 
BX1-5 RHS150×100×8 
BX1-6 RHS250×150×6 
BX1-7 RHS150×100×8 
BX2-1 RHS150×100×8 
BX2-2 RHS150×100×8 
BX2-3 RHS200×100×6 
BX2-4 RHS150×100×8 
BX2-5 RHS150×100×8 
BX2-6 RHS250×150×6 
BX2-7 RHS150×100×8 
BX3-1 RHS150×100×8 
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BX3-2 RHS150×100×8 
BX3-3 RHS200×100×6 
BX3-4 RHS150×100×8 
BX3-5 RHS150×100×8 
BX3-6 RHS250×150×6 
BX3-7 RHS150×100×8 
BX4-1 RHS150×100×8 
BX4-2 RHS150×100×8 
BX4-3 RHS200×100×6 
BX4-4 RHS150×100×8 
BX4-5 RHS150×100×8 
BX4-6 RHS250×150×6 
BX4-7 RHS150×100×8 
BX5-1 RHS150×100×8 
BX5-2 RHS150×100×8 
BX5-3 RHS200×100×6 
BX5-4 RHS150×100×8 
BX5-5 RHS150×100×8 
BX5-6 RHS250×150×6 
BX5-7 RHS150×100×8 
BX6-1 RHS150×100×8 
BX6-2 RHS150×100×8 
BX6-3 RHS200×100×6 
BX6-4 RHS150×100×8 
BX6-5 RHS150×100×8 
BX6-6 RHS250×150×6 
BX6-7 RHS150×100×8 
BZ1-1 RHS150×100×8 
BZ1-2 RHS250×150×6 
BZ1-3 RHS250×150×6 
BZ1-4 RHS200×100×8 
BZ1-5 RHS150×100×8 
BZ1-6 RHS150×100×8 
    
BX2-1 RHS150×100×8 
    
BX2-2 RHS250×150×6 
    
BX2-3 RHS250×150×6 
    
BX2-4 RHS200×100×8 
    
BX2-5 RHS150×100×8 
    
BX2-6 RHS150×100×8 
    
BX3-1 RHS150×100×8 
    
BX3-2 RHS250×150×6 
    
BX3-3 RHS250×150×6 
    
BX3-4 RHS200×100×8 
    
BX3-5 RHS150×100×8 
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BX3-6 RHS150×100×8 
    
BX4-1 RHS150×100×8 
    
BX4-2 RHS250×150×6 
    
BX4-3 RHS250×150×6 
    
BX4-4 RHS200×100×8 
    
BX4-5 RHS150×100×8 
    
BX4-6 RHS150×100×8 
    
BX5-1 RHS150×100×8 
    
BX5-2 RHS250×150×6 
    
BX5-3 RHS250×150×6 
    
BX5-4 RHS200×100×8 
    
BX5-5 RHS150×100×8 
    
BX5-6 RHS150×100×8 
    
BX6-1 RHS150×100×8 
    
BX6-2 RHS250×150×6 
    
BX6-3 RHS250×150×6 
    
BX6-4 RHS200×100×8 
    
BX6-5 RHS150×100×8 
    
BX6-6 RHS150×100×8 
    
C1-1 SHS250×250×6 
    
C1-2 SHS250×250×6 
    
C1-3 SHS250×250×6 
    
C1-4 SHS250×250×6 
    
C1-5 SHS250×250×6 
    
C1-6 SHS250×250×6 
    
C1-7 SHS250×250×6 
    
C1-8 SHS250×250×6 
    
C1-9 SHS250×250×6 
    
C1-10 SHS250×250×6 
    
C2-1 SHS250×250×6 
    
C2-2 SHS250×250×6 
    
C2-3 SHS250×250×6 
    
C2-4 SHS250×250×6 
    
C2-5 SHS250×250×6 
    
C2-6 SHS250×250×6 
    
C2-7 SHS250×250×6 
    
C2-8 SHS250×250×6 
    
C2-9 SHS250×250×6 
    
C2-10 SHS250×250×6 
    
C3-1 SHS250×250×6 
    
C3-2 SHS250×250×6 
    
C3-3 SHS250×250×6 
    
C3-4 SHS250×250×6 
    
C3-5 SHS250×250×6 
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C3-6 SHS250×250×6 
    
C3-7 SHS250×250×6 
    
C3-8 SHS250×250×6 
    
C3-9 SHS250×250×6 
    
C3-10 SHS250×250×6 
    
C4-1 SHS250×250×6 
    
C4-2 SHS250×250×6 
    
C4-3 SHS250×250×6 
    
C4-4 SHS250×250×6 
    
C4-5 SHS250×250×6 
    
C4-6 SHS250×250×6 
    
C4-7 SHS250×250×6 
    
C4-8 SHS250×250×6 
    
C4-9 SHS250×250×6 
    
C4-10 SHS250×250×6 
    
C5-1 SHS250×250×6 
    
C5-2 SHS250×250×6 
    
C5-3 SHS250×250×6 
    
C5-4 SHS250×250×6 
    
C5-5 SHS250×250×6 
    
C5-6 SHS250×250×6 
    
C5-7 SHS250×250×6 
    
C5-8 SHS250×250×6 
    
C5-9 SHS250×250×6 
    
C5-10 SHS250×250×6 
    
C6-1 SHS250×250×6 
    
C6-2 SHS250×250×6 
    
C6-3 SHS250×250×6 
    
C6-4 SHS250×250×6 
    
C6-5 SHS250×250×6 
    
C6-6 SHS250×250×6 
    
C6-7 SHS250×250×6 
    
C6-8 SHS250×250×6 
    
C6-9 SHS250×250×6 
    
C6-10 SHS250×250×6 
    
 
Brace L200×200×26 
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F.4 β-φsystem for selected frames under gravity loads 
Table F25: Reliability analysis for Sway Frame 2 with failure mode BFY 
Sway Frame 2  β 
φsystem Ln/Dn=0.5 Ln/Dn =1 Ln/Dn =1.5 Ln/Dn =2 Ln/Dn =3 Ln/Dn =5 
1.000  1.910  1.981  1.980  1.969  1.955  1.934 
0.950  2.244  2.238  2.218  2.186  2.153  2.125 
0.900  2.599  2.515  2.461  2.409  2.363  2.320 
0.850  2.941  2.786  2.704  2.648  2.586  2.523 
0.800  3.310  3.082  2.965  2.889  2.812  2.741 
0.750  3.686  3.378  3.232  3.144  3.051  2.977 
0.700  4.083  3.690  3.518  3.417  3.307  3.217 
0.650  4.481  4.020  3.819  3.707  3.580  3.472 
0.600  4.907  4.379  4.147  4.019  3.875  3.751 
 
Table F26: Table Reliability analysis for Sway Frame 5 with failure mode BFY-CFY 
Sway Frame 5  β 
φsystem Ln/Dn=0.5 Ln/Dn =1 Ln/Dn =1.5 Ln/Dn =2 Ln/Dn =3 Ln/Dn =5 
1.000  1.923  1.973  1.964  1.950  1.930  1.914 
0.950  2.275  2.244  2.204  2.173  2.134  2.104 
0.900  2.636  2.524  2.447  2.404  2.351  2.304 
0.850  3.001  2.805  2.700  2.638  2.572  2.513 
0.800  3.375  3.095  2.968  2.888  2.802  2.732 
0.750  3.757  3.408  3.233  3.144  3.046  2.965 
0.700  4.163  3.721  3.530  3.424  3.310  3.212 
0.650  4.573  4.062  3.841  3.719  3.586  3.476 
0.600  5.010  4.422  4.172  4.032  3.884  3.754 
 
Table F27: Reliability analysis for Sway Frame 8 with failure mode BPY-CPY 
Sway Frame 8  β 
φsystem Ln/Dn=0.5 Ln/Dn =1 Ln/Dn =1.5 Ln/Dn =2 Ln/Dn =3 Ln/Dn =5 
1.000  1.997  2.030  2.005  1.988  1.969  1.947 
0.950  2.357  2.303  2.252  2.215  2.179  2.133 
0.900  2.710  2.576  2.493  2.435  2.389  2.336 
0.850  3.079  2.862  2.743  2.679  2.605  2.552 
0.800  3.459  3.155  3.005  2.930  2.841  2.770 
0.750  3.836  3.462  3.286  3.194  3.092  3.004 
0.700  4.236  3.784  3.577  3.465  3.343  3.246 
0.650  4.638  4.109  3.884  3.762  3.633  3.515 
0.600  5.085  4.472  4.218  4.079  3.928  3.799 
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Table F28: Reliability analysis for rigid joint Braced Frame 6 with failure mode BFY-CFY 
Sway Frame 8  β 
φsystem Ln/Dn=0.5 Ln/Dn =1 Ln/Dn =1.5 Ln/Dn =2 Ln/Dn =3 Ln/Dn =5 
1.000  2.007  2.073  2.067  2.054  2.029  2.016 
0.950  2.334  2.331  2.299  2.264  2.231  2.201 
0.900  2.664  2.598  2.527  2.488  2.441  2.391 
0.850  2.996  2.867  2.773  2.715  2.656  2.596 
0.800  3.365  3.137  3.025  2.956  2.877  2.809 
0.750  3.719  3.443  3.293  3.206  3.117  3.036 
0.700  4.105  3.746  3.577  3.481  3.364  3.272 
0.650  4.451  4.059  3.865  3.758  3.639  3.534 
0.600  4.928  4.422  4.196  4.062  3.929  3.816 
 
Table F29: Reliability analysis for hinge joint Braced Frame 4 with failure mode BFY 
Sway Frame 8  β 
φsystem Ln/Dn=0.5 Ln/Dn =1 Ln/Dn =1.5 Ln/Dn =2 Ln/Dn =3 Ln/Dn =5 
1.000  2.208  2.222  2.186  2.167  2.136  2.105 
0.950  2.543  2.476  2.414  2.380  2.335  2.290 
0.900  2.876  2.734  2.658  2.598  2.544  2.489 
0.850  3.232  3.007  2.903  2.832  2.759  2.691 
0.800  3.568  3.293  3.152  3.075  2.986  2.907 
0.750  3.948  3.585  3.419  3.327  3.224  3.131 
0.700  4.324  3.897  3.705  3.600  3.478  3.380 
0.650  4.730  4.229  4.009  3.881  3.749  3.641 
0.600  5.146  4.577  4.334  4.192  4.048  3.916 
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F.5 System based design for serviceability limit state 
Table F30: Cross-section sizes for serviceability 
Wind Load Case 1 Wind Load Case 1 
Sway 
Frame 1 
Members Section 
Sway 
Frame 1 
Members Section 
Drift 
H/309 
BX1-1 SHS250×258×8 
Drift 
H/345 
BX1-1 SHS250×258×12.5 
BX1-2 SHS250×258×8 BX1-2 SHS250×258×12.5 
BZ1-1 SHS250×258×8 BZ1-1 SHS250×258×12.5 
BZ1-2 SHS250×258×8 BZ1-2 SHS250×258×12.5 
C1-1 SHS200×200×16 C1-1 SHS200×200×16 
C1-2 SHS200×200×16 C1-2 SHS200×200×16 
C1-3 SHS200×200×16 C1-3 SHS200×200×16 
C1-4 SHS200×200×16 C1-4 SHS200×200×16 
Wind Load Case 1 Wind Load Case 7 
Sway 
Frame 1 
Members Section 
Sway 
Frame 1 
Members Section 
Drift 
H/396 
BX1-1 SHS300×300×12.5 
Drift 
H/313 
BX1-1 RHS300×200×8 
BX1-2 SHS300×300×12.5 BX1-2 RHS300×200×8 
BZ1-1 SHS300×300×12.5 BZ1-1 SHS300×300×8 
BZ1-2 SHS300×300×12.5 BZ1-2 SHS300×300×8 
C1-1 SHS200×200×16 C1-1 SHS250×250×10 
C1-2 SHS200×200×16 C1-2 SHS250×250×10 
C1-3 SHS200×200×16 C1-3 SHS250×250×10 
C1-4 SHS200×200×16 C1-4 SHS250×250×10 
Wind Load Case 7 Wind Load Case 7 
Sway 
Frame 1 
Members Section 
Sway 
Frame 1 
Members Section 
Drift 
H/354 
BX1-1 SHS300×300×10 
Drift 
H/397 
BX1-1 SHS300×300×16 
BX1-2 SHS300×300×10 BX1-2 SHS300×300×16 
BZ1-1 SHS300×300×10 BZ1-1 SHS300×300×10 
BZ1-2 SHS300×300×10 BZ1-2 SHS300×300×10 
C1-1 SHS250×250×10 C1-1 SHS250×250×10 
C1-2 SHS250×250×10 C1-2 SHS250×250×10 
C1-3 SHS250×250×10 C1-3 SHS250×250×10 
C1-4 SHS250×250×10 C1-4 SHS250×250×10 
Wind Load Case 1 Wind Load Case 1 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Drift 
H/300 
BX1-1 SHS400×400×12.5 
Drift 
H/333 
BX1-1 SHS400×400×16 
BX1-2 SHS400×400×12.5 BX1-2 SHS400×400×16 
BX2-1 SHS400×400×12.5 BX2-1 SHS400×400×16 
BX2-2 SHS400×400×12.5 BX2-2 SHS400×400×16 
BX3-1 SHS400×400×12.5 BX3-1 SHS400×400×16 
BX3-2 SHS400×400×12.5 BX3-2 SHS400×400×16 
BZ1-1 SHS400×400×16 BZ1-1 SHS400×400×16 
BZ1-2 SHS400×400×16 BZ1-2 SHS400×400×16 
BZ2-1 SHS400×400×16 BZ2-1 SHS400×400×16 
BZ2-2 SHS400×400×16 BZ2-2 SHS400×400×16 
BZ3-1 SHS400×400×16 BZ3-1 SHS400×400×16 
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BZ3-2 SHS400×400×16 BZ3-2 SHS400×400×16 
C1-1 SHS300×300×12.5 C1-1 SHS300×300×12.5 
C1-2 SHS300×300×12.5 C1-2 SHS300×300×12.5 
C1-3 SHS300×300×12.5 C1-3 SHS300×300×12.5 
C1-4 SHS300×300×12.5 C1-4 SHS300×300×12.5 
C2-1 SHS300×300×12.5 C2-1 SHS300×300×12.5 
C2-2 SHS300×300×12.5 C2-2 SHS300×300×12.5 
C2-3 SHS300×300×12.5 C2-3 SHS300×300×12.5 
C2-4 SHS300×300×12.5 C2-4 SHS300×300×12.5 
C3-1 SHS300×300×12.5 C3-1 SHS300×300×12.5 
C3-2 SHS300×300×12.5 C3-2 SHS300×300×12.5 
C3-3 SHS300×300×12.5 C3-3 SHS300×300×12.5 
C3-4 SHS300×300×12.5 C3-4 SHS300×300×12.5 
Wind Load Case 1 Wind Load Case 7 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Drift 
H/428 
BX1-1 SHS400×400×12.5 
Drift 
H/300 
BX1-1 SHS350×350×10 
BX1-2 SHS400×400×12.5 BX1-2 SHS350×350×10 
BX2-1 SHS400×400×12.5 BX2-1 SHS350×350×10 
BX2-2 SHS400×400×12.5 BX2-2 SHS350×350×10 
BX3-1 SHS400×400×12.5 BX3-1 SHS350×350×10 
BX3-2 SHS400×400×12.5 BX3-2 SHS350×350×10 
BZ1-1 SHS400×400×10 BZ1-1 SHS350×350×10 
BZ1-2 SHS400×400×10 BZ1-2 SHS350×350×10 
BZ2-1 SHS400×400×10 BZ2-1 SHS350×350×10 
BZ2-2 SHS400×400×10 BZ2-2 SHS350×350×10 
BZ3-1 SHS400×400×10 BZ3-1 SHS350×350×10 
BZ3-2 SHS400×400×10 BZ3-2 SHS350×350×10 
C1-1 SHS350×350×16 C1-1 SHS350×350×12.5 
C1-2 SHS350×350×16 C1-2 SHS350×350×12.5 
C1-3 SHS350×350×16 C1-3 SHS350×350×12.5 
C1-4 SHS350×350×16 C1-4 SHS350×350×12.5 
C2-1 SHS350×350×16 C2-1 SHS350×350×12.5 
C2-2 SHS350×350×16 C2-2 SHS350×350×12.5 
C2-3 SHS350×350×16 C2-3 SHS350×350×12.5 
C2-4 SHS350×350×16 C2-4 SHS350×350×12.5 
C3-1 SHS350×350×16 C3-1 SHS350×350×12.5 
C3-2 SHS350×350×16 C3-2 SHS350×350×12.5 
C3-3 SHS350×350×16 C3-3 SHS350×350×12.5 
C3-4 SHS350×350×16 C3-4 SHS350×350×12.5 
Wind Load Case 7 Wind Load Case 7 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Drift 
H/372 
BX1-1 SHS350×350×16 
Drift 
H/408 
BX1-1 SHS300×300×12.5 
BX1-2 SHS350×350×16 BX1-2 SHS300×300×12.5 
BX2-1 SHS350×350×16 BX2-1 SHS300×300×12.5 
BX2-2 SHS350×350×16 BX2-2 SHS300×300×12.5 
BX3-1 SHS350×350×16 BX3-1 SHS300×300×12.5 
BX3-2 SHS350×350×16 BX3-2 SHS300×300×12.5 
BZ1-1 SHS350×350×16 BZ1-1 SHS300×300×12.5 
BZ1-2 SHS350×350×16 BZ1-2 SHS300×300×12.5 
BZ2-1 SHS350×350×16 BZ2-1 SHS300×300×12.5 
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BZ2-2 SHS350×350×16 BZ2-2 SHS300×300×12.5 
BZ3-1 SHS350×350×16 BZ3-1 SHS300×300×12.5 
BZ3-2 SHS350×350×16 BZ3-2 SHS300×300×12.5 
C1-1 SHS350×350×12.5 C1-1 SHS400×400×12.5 
C1-2 SHS350×350×12.5 C1-2 SHS400×400×12.5 
C1-3 SHS350×350×12.5 C1-3 SHS400×400×12.5 
C1-4 SHS350×350×12.5 C1-4 SHS400×400×12.5 
C2-1 SHS350×350×12.5 C2-1 SHS400×400×12.5 
C2-2 SHS350×350×12.5 C2-2 SHS400×400×12.5 
C2-3 SHS350×350×12.5 C2-3 SHS400×400×12.5 
C2-4 SHS350×350×12.5 C2-4 SHS400×400×12.5 
C3-1 SHS350×350×12.5 C3-1 SHS400×400×12.5 
C3-2 SHS350×350×12.5 C3-2 SHS400×400×12.5 
C3-3 SHS350×350×12.5 C3-3 SHS400×400×12.5 
C3-4 SHS350×350×12.5 C3-4 SHS400×400×12.5 
Wind Load Case 2 Wind Load Case 2 
Sway 
Frame 3 
Members Section 
Sway 
Frame 5 
Members Section 
Drift 
H/313 
BX1-1 RHS250×150×5 
Drift 
H/347 
BX1-1 RHS250×150×5 
BX1-2 RHS300×200×6 BX1-2 RHS300×200×6 
BX1-3 RHS250×150×5 BX1-3 RHS250×150×5 
BX1-4 RHS300×200×6 BX1-4 RHS300×200×6 
BX2-1 RHS250×150×5 BX2-1 RHS250×150×5 
BX2-2 RHS300×200×6 BX2-2 RHS300×200×6 
BX2-3 RHS250×150×5 BX2-3 RHS250×150×5 
BX2-4 RHS300×200×6 BX2-4 RHS300×200×6 
BZ1-1 SHS300×300×10 BZ1-1 SHS300×300×16 
BZ1-2 SHS300×300×10 BZ1-2 SHS300×300×16 
BZ1-3 SHS300×300×10 BZ1-3 SHS300×300×16 
BZ2-1 SHS300×300×12.5 BZ2-1 SHS300×300×16 
BZ2-2 SHS300×300×12.5 BZ2-2 SHS300×300×16 
BZ2-3 SHS300×300×12.5 BZ2-3 SHS300×300×16 
C1-1 SHS250×250×16 C1-1 SHS250×250×16 
C1-2 SHS300×300×16 C1-2 SHS300×300×16 
C1-3 SHS250×250×12.5 C1-3 SHS250×250×12.5 
C1-4 SHS250×250×16 C1-4 SHS250×250×16 
C1-5 SHS300×300×16 C1-5 SHS300×300×16 
C1-6 SHS250×250×12.5 C1-6 SHS250×250×12.5 
C2-1 SHS250×250×16 C2-1 SHS250×250×16 
C2-2 SHS300×300×16 C2-2 SHS300×300×16 
C2-3 SHS250×250×12.5 C2-3 SHS250×250×12.5 
C2-4 SHS250×250×16 C2-4 SHS250×250×16 
C2-5 SHS300×300×16 C2-5 SHS300×300×16 
C2-6 SHS250×250×12.5 C2-6 SHS250×250×12.5 
Wind Load Case 2 Wind Load Case 7 
Sway 
Frame 3 
Members Section 
Sway 
Frame 5 
Members Section 
Drift 
H/427 
BX1-1 RHS250×150×5 
Drift 
H/316 
BX1-1 SHS400×400×10 
BX1-2 RHS300×200×6 BX1-2 SHS400×400×10 
BX1-3 RHS250×150×5 BX1-3 SHS400×400×10 
BX1-4 RHS300×200×6 BX1-4 SHS400×400×10 
BX2-1 RHS250×150×5 BX2-1 SHS400×400×10 
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BX2-2 RHS300×200×6 BX2-2 SHS400×400×10 
BX2-3 RHS250×150×5 BX2-3 SHS400×400×10 
BX2-4 RHS300×200×6 BX2-4 SHS400×400×10 
BZ1-1 SHS350×350×16 BX3-1 SHS400×400×10 
BZ1-2 SHS350×350×16 BX3-2 SHS400×400×10 
BZ1-3 SHS350×350×16 BX3-3 SHS400×400×10 
BZ2-1 SHS350×350×16 BX3-4 SHS400×400×10 
BZ2-2 SHS350×350×16 BX4-1 SHS400×400×10 
BZ2-3 SHS350×350×16 BX4-2 SHS400×400×10 
C1-1 SHS250×250×16 BX5-1 SHS400×400×10 
C1-2 SHS300×300×16 BX5-2 SHS400×400×10 
C1-3 SHS250×250×12.5 BX6-1 SHS400×400×10 
C1-4 SHS250×250×16 BX6-2 SHS400×400×10 
C1-5 SHS300×300×16 BZ1-1 SHS450×450×16 
C1-6 SHS250×250×12.5 BZ1-2 SHS450×450×16 
C2-1 SHS250×250×16 BZ1-3 SHS450×450×16 
C2-2 SHS300×300×16 BZ2-1 SHS450×450×16 
C2-3 SHS250×250×12.5 BZ2-2 SHS450×450×16 
C2-4 SHS250×250×16 BZ2-3 SHS450×450×16 
C2-5 SHS300×300×16 BZ3-1 SHS450×450×16 
C2-6 SHS250×250×12.5 BZ3-2 SHS450×450×16 
 
BZ3-3 SHS450×450×16 
BZ4-1 SHS450×450×16 
BZ4-2 SHS450×450×16 
BZ5-1 SHS450×450×16 
BZ5-2 SHS450×450×16 
BZ6-1 SHS450×450×16 
BZ6-2 SHS450×450×16 
C1-1 SHS450×450×16 
C1-2 SHS450×450×16 
C1-3 SHS450×450×16 
C1-4 SHS450×450×16 
C1-5 SHS450×450×16 
C1-6 SHS450×450×16 
C2-1 SHS450×450×16 
C2-2 SHS450×450×16 
C2-3 SHS450×450×16 
C2-4 SHS450×450×16 
C2-5 SHS450×450×16 
C2-6 SHS450×450×16 
C3-1 SHS450×450×16 
C3-2 SHS450×450×16 
C3-3 SHS450×450×16 
 
C3-4 SHS450×450×16 
C3-5 SHS450×450×16 
C3-6 SHS450×450×16 
C4-1 SHS400×400×16 
C4-2 SHS400×400×16 
C4-3 SHS400×400×16 
C4-4 SHS400×400×16 
C5-1 SHS400×400×16 
C5-2 SHS400×400×16 
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C5-3 SHS400×400×16 
C5-4 SHS400×400×16 
C6-1 SHS400×400×16 
C6-2 SHS400×400×16 
C6-3 SHS400×400×16 
C6-4 SHS400×400×16 
Wind Load Case 2 Wind Load Case 2 
Sway 
Frame 5 
Members Section 
Sway 
Frame 5 
Members Section 
Drift 
H/375 
BX1-1 SHS400×400×10 
Drift 
H/435 
BX1-1 SHS250×250×10 
BX1-2 SHS400×400×10 BX1-2 SHS250×250×10 
BX1-3 SHS400×400×10 BX1-3 SHS250×250×10 
BX1-4 SHS400×400×10 BX1-4 SHS250×250×10 
BX2-1 SHS400×400×10 BX2-1 SHS250×250×10 
BX2-2 SHS400×400×10 BX2-2 SHS250×250×10 
BX2-3 SHS400×400×10 BX2-3 SHS250×250×10 
BX2-4 SHS400×400×10 BX2-4 SHS250×250×10 
BX3-1 SHS400×400×10 BX3-1 SHS250×250×10 
BX3-2 SHS400×400×10 BX3-2 SHS250×250×10 
BX3-3 SHS400×400×10 BX3-3 SHS250×250×10 
BX3-4 SHS400×400×10 BX3-4 SHS250×250×10 
BX4-1 SHS400×400×10 BX4-1 SHS250×250×10 
BX4-2 SHS400×400×10 BX4-2 SHS250×250×10 
BX5-1 SHS400×400×10 BX5-1 SHS250×250×10 
BX5-2 SHS400×400×10 BX5-2 SHS250×250×10 
BX6-1 SHS400×400×10 BX6-1 SHS250×250×10 
BX6-2 SHS400×400×10 BX6-2 SHS250×250×10 
BZ1-1 SHS500×500×12.5 BZ1-1 SHS500×500×16 
BZ1-2 SHS500×500×12.5 BZ1-2 SHS500×500×16 
BZ1-3 SHS500×500×12.5 BZ1-3 SHS500×500×16 
BZ2-1 SHS500×500×12.5 BZ2-1 SHS500×500×16 
BZ2-2 SHS500×500×12.5 BZ2-2 SHS500×500×16 
BZ2-3 SHS500×500×12.5 BZ2-3 SHS500×500×16 
BZ3-1 SHS500×500×12.5 BZ3-1 SHS500×500×16 
BZ3-2 SHS500×500×12.5 BZ3-2 SHS500×500×16 
BZ3-3 SHS500×500×12.5 BZ3-3 SHS500×500×16 
BZ4-1 SHS500×500×12.5 BZ4-1 SHS500×500×16 
BZ4-2 SHS500×500×12.5 BZ4-2 SHS500×500×16 
BZ5-1 SHS500×500×12.5 BZ5-1 SHS500×500×16 
BZ5-2 SHS500×500×12.5 BZ5-2 SHS500×500×16 
BZ6-1 SHS500×500×12.5 BZ6-1 SHS500×500×16 
BZ6-2 SHS500×500×12.5 BZ6-2 SHS500×500×16 
C1-1 SHS450×450×16 C1-1 SHS500×500×16 
C1-2 SHS450×450×16 C1-2 SHS500×500×16 
C1-3 SHS450×450×16 C1-3 SHS500×500×16 
C1-4 SHS450×450×16 C1-4 SHS500×500×16 
C1-5 SHS450×450×16 C1-5 SHS500×500×16 
C1-6 SHS450×450×16 C1-6 SHS500×500×16 
C2-1 SHS500×500×16 C2-1 SHS500×500×16 
C2-2 SHS500×500×16 C2-2 SHS500×500×16 
C2-3 SHS500×500×16 C2-3 SHS500×500×16 
C2-4 SHS500×500×16 C2-4 SHS500×500×16 
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C2-5 SHS500×500×16 C2-5 SHS500×500×16 
C2-6 SHS500×500×16 C2-6 SHS500×500×16 
C3-1 SHS500×500×16 C3-1 SHS500×500×16 
C3-2 SHS500×500×16 C3-2 SHS500×500×16 
C3-3 SHS500×500×16 C3-3 SHS500×500×16 
C3-4 SHS500×500×16 C3-4 SHS500×500×16 
C3-5 SHS500×500×16 C3-5 SHS500×500×16 
C3-6 SHS500×500×16 C3-6 SHS500×500×16 
C4-1 SHS500×500×16 C4-1 SHS500×500×16 
C4-2 SHS500×500×16 C4-2 SHS500×500×16 
C4-3 SHS500×500×16 C4-3 SHS500×500×16 
C4-4 SHS500×500×16 C4-4 SHS500×500×16 
C5-1 SHS500×500×16 C5-1 SHS500×500×16 
C5-2 SHS500×500×16 C5-2 SHS500×500×16 
C5-3 SHS500×500×16 C5-3 SHS500×500×16 
C5-4 SHS500×500×16 C5-4 SHS500×500×16 
C6-1 SHS500×500×16 C6-1 SHS500×500×16 
C6-2 SHS500×500×16 C6-2 SHS500×500×16 
C6-3 SHS500×500×16 C6-3 SHS500×500×16 
C6-4 SHS500×500×16 C6-4 SHS500×500×16 
F.6 Nominal models considering 4 conditions and associate 
system resistance factors for HSS frames 
Table F31: Comparison of different nominal model for sway frames (Condition 1 vs 
Condition 2) 
Sway 
Frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 2) Difference (%) 
Frame 1 BFY-CFY 1.06 1.04 1.52 
 
BFY-CPY 1.06 1.04 1.89 
 
BFY 1.08 1.08 0.00 
 
SWAY-CPY 0.99 0.72 27.69 
Frame 2 BFY-CFY 1.04 1.01 2.38 
 
BFY-CPY 1.03 1.00 3.11 
 
BFY 1.05 1.05 0.03 
 
SWAY-CPY 1.01 0.81 19.88 
Frame 3 BFY-CFY 1.05 1.04 1.07 
 
BFY-CPY 1.06 1.05 1.47 
 
BFY 1.05 1.02 2.94 
 
SWAY-CPY 1.02 0.88 13.50 
Frame 4 BFY-CFY 1.04 1.03 1.49 
 
BFY-CPY 1.02 1.01 0.91 
 
BFY 1.06 1.05 0.37 
 
SWAY-CPY 1.01 0.91 9.76 
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Frame 5 BFY-CFY 1.02 1.00 1.99 
 
SWAY-BFY-CPY 1.04 0.97 6.45 
 
BFY 1.04 1.02 1.89 
 
SWAY-CPY 1.05 0.92 12.65 
Frame 6 BFY-CFY 1.04 1.04 0.01 
 
BFY-CPY 1.04 1.03 0.57 
 
BFY 1.05 1.03 2.07 
 
SWAY-CPY 1.03 0.97 6.06 
Frame 7 BFY-CFY 1.05 1.05 0.13 
 
SWAY-BFY-CPY 1.08 0.93 13.52 
 
BFY 1.05 1.05 0.01 
Frame 8 BFY 1.05 1.03 1.69 
 
SWAY-BPY-CPY 1.01 0.87 14.41 
 
SWAY-CPY 0.99 0.85 13.65 
 
 
 
Table F32: System resistance factors (φsystem) for sway frame consider nominal model under 
Condition 2 
Sway 
Frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.50 
Frame 1 BFY-CFY 1.04 0.119 0.89 0.84 0.80 0.71 
 
BFY-CPY 1.04 0.110 0.88 0.83 0.78 0.69 
 
BFY 1.08 0.123 0.92 0.87 0.82 0.73 
 
SWAY-CPY 0.72 0.099 0.63 0.60 0.56 0.50 
Frame 2 BFY-CFY 1.01 0.114 0.88 0.83 0.78 0.69 
 
BFY-CPY 1.00 0.121 0.92 0.87 0.82 0.73 
 
BFY 1.05 0.106 0.92 0.87 0.82 0.73 
 
SWAY-CPY 0.81 0.091 0.72 0.68 0.64 0.57 
Frame 3 BFY-CFY 1.04 0.111 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.05 0.106 0.92 0.87 0.82 0.73 
 
BFY 1.02 0.111 0.89 0.84 0.79 0.71 
 
SWAY-CPY 0.88 0.090 0.79 0.74 0.70 0.63 
Frame 4 BFY-CFY 1.03 0.109 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.01 0.106 0.89 0.84 0.79 0.70 
 
BFY 1.05 0.119 0.90 0.85 0.80 0.71 
 
SWAY-CPY 0.91 0.090 0.81 0.77 0.73 0.65 
Frame 5 BFY-CFY 1.00 0.098 0.89 0.84 0.79 0.71 
 
SWAY-BFY-CPY 0.97 0.097 0.86 0.81 0.77 0.69 
 
BFY 1.02 0.111 0.89 0.84 0.80 0.71 
 
SWAY-CPY 0.92 0.097 0.77 0.73 0.69 0.61 
Frame 6 BFY-CFY 1.04 0.109 0.87 0.82 0.78 0.69 
 
BFY-CPY 1.03 0.102 0.91 0.86 0.81 0.72 
 
BFY 1.03 0.115 0.89 0.84 0.79 0.71 
 
SWAY-CPY 0.97 0.098 0.86 0.81 0.77 0.68 
Frame 7 BFY-CFY 1.05 0.110 0.91 0.86 0.81 0.72 
 
BFY-CPY 0.93 0.117 0.80 0.76 0.72 0.64 
 
BFY 1.05 0.118 0.90 0.85 0.81 0.71 
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Frame 8 BFY 1.03 0.096 0.92 0.87 0.82 0.73 
 
SWAY-BPY-CPY 0.87 0.094 0.77 0.73 0.69 0.61 
 
SWAY-CPY 0.85 0.094 0.76 0.72 0.68 0.60 
Average φsystem 0.86 0.81 0.77 0.68 
 
Table F33: Comparison of different nominal model for hinge joint braced frames (Condition 1 
vs Condition 2) 
Hinge joint 
braced frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn(Condition 2) Difference (%) 
Frame 1 CPY 0.966 0.785 18.71 
Frame 2 
 
BFY 0.968 0.721 25.52 
CPY 0.987 0.875 11.35 
Frame 3 
 
BFY 1.060 1.069 0.84 
CPY 1.038 0.866 16.57 
Frame 4 
 
BFY 1.071 1.076 0.52 
CPY 0.995 0.758 23.79 
Frame 5 
 
BPY-CPY 0.983 0.777 21.02 
BFY 1.068 1.073 0.50 
Frame 6 
 
BFY 1.063 1.069 0.59 
CPY 0.970 0.942 2.86 
Frame 7 
 
BFY 1.080 1.091 1.10 
CPY 1.027 0.989 3.69 
Frame 8 
 
BFY 1.025 1.008 1.57 
BFY-CPY 1.004 0.984 2.02 
 
Table F34: System resistance factors (φsystem) for hinge joint frame consider nominal model 
under Condition 2 
Hinge joint braced 
frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.5 β=2.75 β=3.0 β=3.5 
Frame 1 CPY 0.785 0.080 0.71 0.67 0.64 0.57 
Frame 2 BFY 0.721 0.077 0.65 0.62 0.58 0.52 
 
CPY 0.875 0.071 0.80 0.76 0.72 0.64 
Frame 3 BFY 1.069 0.118 0.92 0.87 0.82 0.73 
 
CPY 0.866 0.079 0.78 0.74 0.70 0.63 
Frame 4 BFY 1.076 0.111 0.93 0.88 0.83 0.74 
 
CPY 0.758 0.084 0.68 0.65 0.61 0.54 
Frame 5 BPY-CPY 0.777 0.124 0.70 0.66 0.63 0.56 
 
BFY 1.073 0.084 0.91 0.86 0.81 0.72 
Frame 6 BFY 1.069 0.117 0.92 0.87 0.82 0.73 
 
CPY 0.942 0.085 0.85 0.80 0.76 0.68 
Frame 7 BFY 1.091 0.122 0.92 0.87 0.82 0.73 
 
CPY 0.989 0.099 0.87 0.83 0.78 0.70 
Frame 8 BFY 1.008 0.095 0.90 0.85 0.80 0.71 
 
BFY-CPY 0.984 0.091 0.88 0.83 0.79 0.70 
Average φsystem 0.83 0.78 0.74 0.66 
 
Table F35: Comparison of different nominal model for rigid joint braced frames (Condition 1 
vs Condition 2) 
Rigid joint  Failure mode Rm/Rn (Condition 1) Rm/Rn(Condition 2) Difference (%) 
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braced frame 
Frame 1 CPY 1.004 0.871 13.276 
Frame 2 CFY-BFY 1.011 0.979 3.150 
 
CPY 1.002 0.970 3.240 
Frame 3 BFY 1.043 1.025 1.750 
 
BFY-CFY 1.067 1.063 0.377 
 
BFY-CFY 1.036 0.960 7.337 
Frame 4 BFY 1.010 0.997 1.327 
 
CPY 1.011 0.887 12.195 
Frame 5 BFY-CFY 1.069 1.060 0.774 
 
CFY 1.026 0.999 2.620 
 
BFY-CFY 1.034 1.034 0.000 
Frame 6 BFY 1.057 1.055 0.173 
 
BFY-CFY 1.054 1.040 1.294 
 
BFY-CPY 1.068 1.040 2.609 
 
CPY 1.013 0.915 9.698 
Frame 7 BFY 1.055 1.044 1.069 
 
CPY 1.002 0.923 7.895 
Frame 8 BFY-CFY 1.068 1.068 0.029 
 
BFY-CPY 1.063 1.045 1.705 
 
Table F36: System resistance factors (φsystem) for rigid joint braced frame consider nominal 
model under Condition 2 
Rigid joint 
braced frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 CPY 0.87 0.076 0.79 0.75 0.71 0.63 
Frame 2 CFY-BFY 0.98 0.074 0.89 0.84 0.80 0.71 
 
CPY 0.97 0.076 0.88 0.83 0.79 0.71 
Frame 3 BFY 1.04 0.115 0.95 0.90 0.85 0.76 
 
BFY-CFY 1.06 0.118 0.92 0.86 0.81 0.72 
 
BFY-CFY 0.98 0.077 0.89 0.84 0.80 0.71 
Frame 4 BFY 1.00 0.104 0.88 0.83 0.79 0.70 
 
CPY 0.89 0.081 0.80 0.76 0.72 0.64 
Frame 5 BFY-CFY 1.06 0.111 0.92 0.87 0.82 0.73 
 
CFY 1.00 0.091 0.89 0.84 0.80 0.71 
 
BFY-CFY 1.03 0.088 0.91 0.86 0.81 0.72 
Frame 6 BFY 1.06 0.117 0.89 0.84 0.80 0.71 
 
BFY-CFY 1.05 0.120 0.89 0.84 0.80 0.71 
 
BFY-CPY 1.04 0.113 0.90 0.85 0.81 0.72 
 
CPY 0.92 0.076 0.83 0.79 0.74 0.67 
Frame 7 BFY 1.05 0.115 0.91 0.86 0.81 0.72 
 
CPY 0.92 0.095 0.82 0.78 0.73 0.65 
Frame 8 BFY-CFY 1.07 0.106 0.94 0.89 0.84 0.75 
 
BFY-CPY 1.05 0.110 0.91 0.86 0.81 0.72 
Average φsystem 0.88 0.84 0.79 0.70 
 
Table F37: Comparison of different nominal model for sway frames (Condition 1 vs 
Condition 3) 
Sway Failure mode Rm/Rn (Condition 1) Rm/Rn(Condition 3) Difference (%) 
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Frame 
Frame 1 BFY-CFY 1.06 1.06 0.20 
 
BFY-CPY 1.06 1.07 0.83 
 
BFY 1.08 1.08 0.06 
 
SWAY-CPY 0.99 0.48 51.39 
Frame 2 BFY-CFY 1.04 1.04 0.13 
 
BFY-CPY 1.03 1.03 0.49 
 
BFY 1.05 1.05 0.00 
 
SWAY-CPY 1.01 0.69 31.58 
Frame 3 BFY-CFY 1.05 1.05 0.45 
 
BFY-CPY 1.06 1.02 3.70 
 
BFY 1.05 1.02 2.95 
 
BPY-CPY 1.02 1.01 0.25 
 
SWAY-CPY 1.02 1.01 0.25 
Frame 4 BFY-CFY 1.04 1.02 1.92 
 
BFY-CPY 1.02 0.88 13.44 
 
BFY 1.06 1.06 0.50 
 
SWAY-CPY 1.01 0.85 15.35 
Frame 5 BFY-CFY 1.02 1.03 0.08 
 
SWAY-BFY-CPY 1.04 0.88 15.13 
 
BFY 1.04 1.04 0.01 
 
SWAY-CPY 1.05 0.97 8.08 
Frame 6 BFY-CFY 1.04 1.04 0.01 
 
BFY-CPY 1.04 1.03 0.78 
 
BFY 1.05 1.03 2.21 
 
SWAY-CPY 1.03 1.04 0.96 
Frame 7 BFY-CFY 1.05 1.04 1.15 
 
BFY-CPY 1.08 1.07 0.54 
 
BFY 1.05 1.06 1.17 
Frame 8 BFY 1.05 1.07 1.20 
 
SWAY-BPY-CPY 1.01 0.99 2.55 
 
SWAY-CPY 0.99 0.96 2.40 
 
Table F38: System resistance factors (φsystem) for sway frame consider nominal model under 
Condition 3 
Sway 
Frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 BFY-CFY 1.06 0.119 0.88 0.83 0.78 0.69 
 
BFY-CPY 1.07 0.110 0.91 0.86 0.81 0.72 
 
BFY 1.08 0.123 0.92 0.87 0.82 0.73 
 
SWAY-CPY 0.48 0.099 0.50 0.49 0.47 0.45 
Frame 2 BFY-CFY 1.04 0.114 0.90 0.85 0.80 0.71 
 
BFY-CPY 1.03 0.121 0.88 0.83 0.78 0.69 
 
BFY 1.05 0.106 0.92 0.87 0.82 0.73 
 
SWAY-CPY 0.69 0.091 0.61 0.58 0.55 0.48 
Frame 3 BFY-CFY 1.05 0.111 0.91 0.86 0.81 0.72 
 
BFY-CPY 1.02 0.106 0.90 0.85 0.80 0.71 
 
BFY 1.02 0.111 0.89 0.84 0.79 0.71 
 
SWAY-CPY 1.01 0.090 0.91 0.86 0.81 0.72 
Frame 4 BFY-CFY 1.02 0.109 0.89 0.84 0.80 0.71 
 
BFY-CPY 0.88 0.106 0.77 0.73 0.69 0.61 
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BFY 1.06 0.119 0.91 0.86 0.81 0.72 
 
SWAY-CPY 0.85 0.090 0.76 0.72 0.68 0.61 
Frame 5 BFY-CFY 1.03 0.098 0.91 0.86 0.81 0.72 
 
SWAY-BFY-CPY 0.88 0.097 0.78 0.74 0.70 0.62 
 
BFY 1.04 0.111 0.91 0.86 0.81 0.72 
 
SWAY-CPY 0.97 0.097 0.86 0.81 0.77 0.68 
Frame 6 BFY-CFY 1.04 0.109 0.87 0.82 0.78 0.69 
 
BFY-CPY 1.03 0.102 0.91 0.86 0.81 0.72 
 
BFY 1.03 0.115 0.89 0.84 0.79 0.71 
 
SWAY-CPY 1.04 0.098 0.92 0.87 0.82 0.73 
Frame 7 BFY-CFY 1.04 0.110 0.90 0.85 0.81 0.72 
 
BFY-CPY 1.07 0.117 0.93 0.87 0.82 0.73 
 
BFY 1.06 0.118 0.92 0.86 0.82 0.72 
Frame 8 BFY 1.07 0.096 0.94 0.89 0.84 0.75 
 
SWAY-BPY-CPY 0.99 0.094 0.88 0.83 0.78 0.70 
 
SWAY-CPY 0.96 0.094 0.85 0.81 0.77 0.68 
Average φsystem 0.86 0.82 0.77 0.69 
 
 
 
 
 
Table F39: Comparison of different nominal model for hinge joint braced frames (Condition 1 
vs Condition 3) 
Hinge joint braced 
frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn(Condition 3) 
Difference 
(%) 
Frame 1 CPY 0.966 0.566 41.361 
Frame 2 
 
BFY 0.968 0.952 1.710 
CPY 0.987 0.987 0.000 
Frame 3 
 
BFY 1.060 1.060 0.000 
CPY 1.038 1.035 0.362 
Frame 4 
 
BFY 1.071 1.071 0.000 
CPY 0.995 0.981 1.369 
Frame 5 
 
BPY -CPY 0.983 0.974 1.008 
BFY 1.068 1.068 0.000 
Frame 6 
 
BFY 1.063 1.063 0.000 
CPY 0.970 0.969 0.156 
Frame 7 
 
BFY 1.080 1.080 0.000 
CPY 1.027 1.021 0.540 
Frame 8 
 
BFY 1.025 1.024 0.058 
BFY-CPY 1.004 0.997 0.728 
 
Table F40: System resistance factors (φsystem) for hinge joint braced frame consider nominal 
model under Condition 4 
Hinge connected 
braced frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 CPY 0.566 0.080 0.71 0.67 0.64 0.57 
Frame 2 
 
BFY 0.952 0.077 0.86 0.82 0.77 0.69 
CPY 0.987 0.071 0.90 0.85 0.81 0.72 
Frame 3 BFY 1.060 0.118 0.91 0.86 0.81 0.72 
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 CPY 1.035 0.079 0.94 0.89 0.84 0.75 
Frame 4 
 
BFY 1.071 0.111 0.93 0.88 0.83 0.74 
CPY 0.981 0.084 0.88 0.84 0.79 0.71 
Frame 5 
 
BPY -CPY 0.974 0.124 0.88 0.83 0.79 0.70 
BFY 1.068 0.084 0.88 0.83 0.79 0.70 
Frame 6 
 
BFY 1.063 0.117 0.92 0.87 0.82 0.72 
CPY 0.969 0.085 0.87 0.82 0.78 0.70 
Frame 7 
 
BFY 1.080 0.122 0.92 0.87 0.82 0.73 
CPY 1.021 0.099 0.90 0.85 0.81 0.72 
Frame 8 
 
BFY 1.024 0.095 0.91 0.86 0.81 0.73 
BFY-CPY 0.997 0.091 0.87 0.83 0.78 0.70 
Average φsystem 0.89 0.84 0.79 0.71 
 
 
 
 
 
 
 
 
 
Table F41: Comparison of different nominal model for rigid joint braced frames (Condition 1 
vs Condition 3) 
Rigid joint braced 
frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn(Condition 3) 
Difference 
(%) 
Frame 1 CPY 1.004 1.004 0.000 
Frame 2 CFY-BFY 1.011 1.011 0.000 
 
CPY 1.002 1.002 0.000 
Frame 3 BFY 1.043 1.042 0.187 
 
BFY-CFY 1.067 1.067 0.000 
 
BFY-CFY 1.036 1.037 0.067 
Frame 4 BFY 1.010 1.010 0.000 
 
CPY 1.011 1.008 0.225 
Frame 5 BFY-CFY 1.069 1.069 0.026 
 
CFY 1.026 1.026 0.000 
 
BFY-CFY 1.034 1.034 0.000 
Frame 6 BFY 1.057 1.057 0.000 
 
BFY-CFY 1.054 1.054 0.000 
 
BFY-CPY 1.068 1.068 0.000 
 
CPY 1.013 1.015 0.210 
Frame 7 BFY 1.055 1.055 0.017 
 
CPY 1.002 1.002 0.000 
Frame 8 BFY-CFY 1.068 1.067 0.034 
 
BFY-CPY 1.063 1.060 0.298 
 
Table F42: System resistance factors (φsystem) for rigid joint braced frame consider nominal 
model under Condition 4 
Rigid joint 
braced frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Appendix F - System Reliability-Based Design Criteria for HSS Steel Frames 
 
660 
 
Frame 1 CPY 1.004 0.076 0.91 0.86 0.82 0.73 
Frame 2 CFY-BFY 1.011 0.074 0.92 0.87 0.82 0.74 
 
CPY 1.002 0.076 0.91 0.86 0.82 0.73 
Frame 3 BFY 1.042 0.115 0.90 0.85 0.80 0.71 
 
BFY-CFY 1.067 0.118 0.92 0.87 0.82 0.73 
 
BFY-CFY 1.037 0.077 0.94 0.89 0.84 0.75 
Frame 4 BFY 1.010 0.104 0.89 0.84 0.79 0.71 
 
CPY 1.008 0.081 0.91 0.86 0.82 0.73 
Frame 5 BFY-CFY 1.069 0.111 0.93 0.88 0.83 0.74 
 
CFY 1.026 0.091 0.92 0.87 0.83 0.74 
 
BFY-CFY 1.034 0.088 0.93 0.88 0.83 0.74 
Frame 6 BFY 1.057 0.117 0.91 0.86 0.81 0.72 
 
BFY-CFY 1.054 0.120 0.91 0.85 0.81 0.72 
 
BFY-CPY 1.068 0.113 0.93 0.88 0.83 0.73 
 
CPY 1.015 0.076 0.92 0.87 0.83 0.74 
Frame 7 BFY 1.055 0.115 0.91 0.86 0.81 0.72 
 
CPY 1.002 0.095 0.89 0.84 0.80 0.71 
Frame 8 BFY-CFY 1.067 0.106 0.93 0.88 0.83 0.74 
 
BFY-CPY 1.060 0.110 0.93 0.88 0.83 0.74 
Average φsystem 0.91 0.86 0.82 0.73 
 
 
 
Table F43: Comparison of different nominal model for sway frames (Condition 1 vs 
Condition 4) 
Sway 
Frame 
Failure mode 
Rm/Rn 
(Condition 1) 
Rm/Rn (Condition 4) Difference (%) 
Frame 1 BFY-CFY 1.055 1.039 1.536 
 BFY-CPY 1.061 1.041 1.900 
 BFY 1.079 1.079 0.028 
 SWAY-CPY 0.989 0.406 58.935 
Frame 2 BFY-CFY 1.036 1.007 2.760 
 BFY-CPY 1.031 1.000 3.021 
 BFY 1.046 1.027 1.827 
 SWAY-CPY 1.006 0.591 41.216 
Frame 3 BFY-CFY 1.054 1.038 1.585 
 BFY-CPY 1.063 1.026 3.565 
 BFY 1.053 1.022 2.955 
 
BPY-CPY 1.016 0.873 14.107 
SWAY-CPY 1.016 0.875 13.928 
Frame 4 BFY-CFY 1.044 1.007 3.620 
 BFY-CPY 1.021 0.869 14.941 
 BFY 1.056 1.062 0.502 
 SWAY-CPY 1.009 0.782 22.511 
Frame 5 BFY-CFY 1.025 1.005 1.970 
 SWAY-BFY-CPY 1.036 0.875 15.554 
 BFY 1.044 1.024 1.968 
 SWAY-CPY 1.053 0.913 13.284 
Frame 6 BFY-CFY 1.039 0.998 3.964 
 BFY-CPY 1.037 1.004 3.177 
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 BFY 1.053 1.030 2.214 
 SWAY-CPY 1.030 0.972 5.573 
Frame 7 BFY-CFY 1.049 1.056 0.676 
 BFY-CPY 1.078 0.920 14.694 
 BFY 1.051 1.051 0.008 
Frame 8 BFY 1.053 1.036 1.557 
 SWAY-BPY-CPY 1.011 0.777 23.201 
 
SWAY-CPY 0.986 0.853 13.533 
 
Table F44: System resistance factors (φsystem) for sway frame consider nominal model under 
Condition 4 
Sway 
Frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 
 
 
 
BFY-CFY 1.04 0.119 0.89 0.84 0.80 0.71 
BFY-CPY 1.04 0.110 0.87 0.83 0.78 0.70 
BFY 1.08 0.123 0.92 0.87 0.82 0.73 
SWAY-CPY 0.41 0.099 0.14 0.15 0.16 0.18 
Frame 2 
 
 
 
BFY-CFY 1.01 0.114 0.87 0.82 0.78 0.69 
BFY-CPY 1.00 0.121 0.86 0.81 0.76 0.68 
BFY 1.03 0.106 0.90 0.85 0.80 0.71 
SWAY-CPY 0.59 0.091 0.53 0.50 0.47 0.41 
Frame 3 
 
 
 
BFY-CFY 1.04 0.111 0.90 0.85 0.81 0.72 
BFY-CPY 1.03 0.106 0.78 0.74 0.70 0.62 
BFY 1.02 0.111 0.90 0.85 0.80 0.71 
SWAY-CPY 0.87 0.090 0.78 0.74 0.70 0.62 
Frame 4 
 
 
 
BFY-CFY 1.01 0.109 0.88 0.83 0.78 0.70 
BFY-CPY 0.87 0.106 0.76 0.72 0.68 0.60 
BFY 1.06 0.119 0.91 0.86 0.81 0.72 
SWAY-CPY 0.78 0.090 0.70 0.66 0.63 0.55 
Frame 5 
 
 
 
BFY-CFY 1.00 0.098 0.89 0.84 0.79 0.71 
SWAY-BFY-CPY 0.88 0.097 0.78 0.73 0.69 0.62 
BFY 1.02 0.111 0.89 0.84 0.80 0.71 
SWAY-CPY 0.91 0.097 0.81 0.77 0.72 0.65 
Frame 6 
 
 
 
BFY-CFY 1.00 0.109 0.87 0.82 0.78 0.69 
BFY-CPY 1.00 0.102 0.88 0.84 0.79 0.70 
BFY 1.03 0.115 0.89 0.84 0.79 0.71 
SWAY-CPY 0.97 0.098 0.86 0.81 0.77 0.69 
Frame 7 
 
 
BFY-CFY 1.06 0.110 0.92 0.87 0.82 0.73 
BFY-CPY 0.92 0.117 0.79 0.75 0.71 0.63 
BFY 1.05 0.118 0.91 0.86 0.81 0.72 
Frame 8 
 
 
BFY 1.04 0.096 0.92 0.87 0.82 0.73 
SWAY-BPY-CPY 0.78 0.094 0.69 0.65 0.62 0.55 
SWAY-CPY 0.85 0.094 0.71 0.67 0.64 0.56 
Average φsystem 0.81 0.77 0.73 0.65 
 
Table F45: Comparison of different nominal model for hinge joint frames (Condition 1 vs 
Condition 4) 
Hinge joint 
braced frame 
Failure 
mode 
Rm/Rn  
(Condition 1) 
Rm/Rn (Condition 4) Difference (%) 
Frame 1 CPY 0.966 0.785 18.709 
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Frame 2 
 
BFY 0.968 0.721 25.521 
CPY 0.987 0.875 11.345 
Frame 3 
 
BFY 1.060 1.069 0.842 
CPY 1.038 0.866 16.574 
Frame 4 
 
BFY 1.071 1.076 0.521 
CPY 0.995 0.758 23.792 
Frame 5 
 
BPY -CPY 0.983 0.777 21.022 
BFY 1.068 1.073 0.503 
Frame 6 
 
BFY 1.063 1.069 0.588 
CPY 0.970 0.942 2.857 
Frame 7 
 
BFY 1.080 1.091 1.096 
CPY 1.027 0.989 3.686 
Frame 8 
 
BFY 1.025 1.008 1.575 
BFY-CPY 1.004 0.984 2.023 
 
 
 
 
 
 
 
 
 
Table F46: System resistance factors (φsystem) for hinge joint braced frame consider nominal 
model under Condition 4 
Hinge joint 
braced frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 CPY 0.79 0.080 0.51 0.48 0.46 0.40 
Frame 2 
 
BFY 0.72 0.077 0.65 0.62 0.58 0.52 
CPY 0.87 0.071 0.77 0.73 0.69 0.61 
Frame 3 
 
BFY 1.07 0.118 0.92 0.87 0.82 0.73 
CPY 0.87 0.079 0.78 0.74 0.70 0.62 
Frame 4 
 
BFY 1.08 0.111 0.94 0.88 0.84 0.74 
CPY 0.76 0.084 0.67 0.64 0.60 0.54 
Frame 5 
 
BPY -CPY 0.78 0.124 0.69 0.66 0.62 0.55 
BFY 1.07 0.084 0.91 0.86 0.81 0.72 
Frame 6 
 
BFY 1.07 0.117 0.92 0.87 0.82 0.73 
CPY 0.94 0.085 0.84 0.79 0.75 0.67 
Frame 7 
 
BFY 1.09 0.122 0.93 0.88 0.83 0.74 
CPY 0.99 0.099 0.87 0.82 0.77 0.69 
Frame 8 
 
BFY 1.01 0.095 0.89 0.85 0.80 0.71 
BFY-CPY 0.98 0.091 0.92 0.87 0.82 0.74 
Average φsystem 0.81 0.77 0.73 0.65 
 
Table F47: Comparison of different nominal model for rigid joint frames (Condition 1 vs 
Condition 4) 
Rigid joint 
Braced Frame 
Failure mode Rm/Rn (Condition 1) Rm/Rn (Condition 4) 
Difference 
(%) 
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Frame 1 CPY 1.004 0.871 13.276 
Frame 2 CFY-BFY 1.011 0.979 3.150 
 
CPY 1.002 0.970 3.240 
Frame 3 BFY 1.043 1.025 1.750 
 
BFY-CFY 1.067 1.063 0.377 
 
BFY-CFY 1.036 0.960 7.337 
Frame 4 BFY 1.010 0.997 1.327 
 
CPY 1.011 0.887 12.195 
Frame 5 BFY-CFY 1.069 1.060 0.774 
 
CFY 1.026 0.999 2.620 
 
BFY-CFY 1.034 1.034 0.0 
Frame 6 BFY 1.057 1.055 0.173 
 
BFY-CFY 1.054 1.040 1.294 
 
BFY-CPY 1.068 1.040 2.609 
 
CPY 1.013 0.915 9.698 
Frame 7 BFY 1.055 1.044 1.069 
 
CPY 1.002 0.923 7.895 
Frame 8 BFY-CFY 1.068 1.068 0.029 
 
BFY-CPY 1.063 1.045 1.705 
 
 
 
 
 
 
Table F48: System resistance factors (φsystem) for rigid joint braced frame consider nominal 
model under Condition 4 
Rigid joint 
braced frame 
Failure mode Rm/Rn COV 
φsystem 
β=2.50 β=2.75 β=3.0 β=3.5 
Frame 1 CPY 0.871 0.076 0.79 0.75 0.71 0.63 
Frame 2 CFY-BFY 0.979 0.074 0.89 0.84 0.80 0.71 
 
CPY 0.970 0.076 0.88 0.83 0.79 0.71 
Frame 3 BFY 1.025 0.115 0.89 0.84 0.79 0.70 
 
BFY-CFY 1.063 0.118 0.92 0.86 0.82 0.72 
 
BFY-CFY 0.960 0.077 0.87 0.82 0.78 0.70 
Frame 4 BFY 0.997 0.104 0.88 0.83 0.78 0.70 
 
CPY 0.887 0.081 0.80 0.76 0.72 0.64 
Frame 5 BFY-CFY 1.060 0.111 0.92 0.87 0.82 0.73 
 
CFY 0.999 0.091 0.89 0.84 0.80 0.71 
 
BFY-CFY 1.034 0.088 0.93 0.88 0.83 0.74 
Frame 6 BFY 1.055 0.117 0.91 0.86 0.81 0.72 
 
BFY-CFY 1.040 0.120 0.89 0.84 0.80 0.71 
 
BFY-CPY 1.040 0.113 0.90 0.85 0.80 0.72 
 
CPY 0.915 0.076 0.83 0.79 0.75 0.67 
Frame 7 BFY 1.044 0.115 0.90 0.85 0.80 0.71 
 
CPY 0.923 0.095 0.82 0.78 0.73 0.65 
Frame 8 BFY-CFY 1.068 0.106 0.93 0.88 0.83 0.74 
 
BFY-CPY 1.045 0.110 0.91 0.86 0.81 0.72 
Average φsystem 0.88 0.83 0.79 0.70 
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Appendix G-Design Examples 
 
G.1 Design example 1-HSS Sway Frame 6 under gravity loads 
Table G1: Cross-section sizes for Sway Frame 6 
Sway 
Frame 6 
Members Section 
Sway 
Frame 6 
Members Section 
Design 
based on 
(AISC360) 
BX1-1 RHS200×100×5 
System 
based  
design 
φsystem=0.8 
BX1-1 RHS250×150×8 
BX1-2 RHS250×150×10 BX1-2 RHS250×150×8 
BX1-3 RHS250×150×8 BX1-3 RHS250×150×6 
BX1-4 RHS250×150×8 BX1-4 RHS200×100×5 
BX1-5 RHS250×150×8 BX1-5 RHS250×150×6 
BX2-1 RHS250×150×8 BX2-1 RHS200×100×5 
BX2-2 RHS200×100×8 BX2-2 RHS250×150×6 
BX2-3 RHS250×150×6 BX2-3 RHS250×150×6 
BX2-4 RHS200×100×8 BX2-4 RHS200×100×5 
BX3-1 RHS250×150×6 BX3-1 RHS200×100×5 
BX3-2 RHS250×150×6 BX3-2 RHS250×150×6 
BX4-1 RHS200×100×6 BX4-1 RHS300×200×8 
BX4-2 RHS200×100×6 BX4-2 RHS200×100×5 
BZ1-1 RHS250×150×6 BZ1-1 RHS250×150×6 
BZ1-2 RHS300×200×8 BZ1-2 RHS200×100×5 
BZ1-3 RHS200×100×8 BZ1-3 RHS200×100×6 
BZ1-4 RHS250×150×6 BZ1-4 RHS250×150×9 
BZ1-5 RHS200×100×8 BZ1-5 RHS250×150×6 
BZ2-1 RHS200×100×6 BZ2-1 RHS250×150×6 
BZ2-2 RHS250×150×9 BZ2-2 RHS250×150×6 
BZ3-3 RHS250×150×6 BZ2-3 RHS200×100×5 
BZ3-1 RHS250×150×6 BZ3-1 RHS200×100×5 
BZ3-2 RHS250×150×6 BZ3-2 RHS250×150×5 
BZ4-1 RHS200×100×6 BZ4-1 RHS250×150×5 
BZ4-2 RHS200×100×6 BZ4-2 RHS250×150×6 
C1-1 RHS250×150×6 C1-1 RHS250×150×6 
C1-2 RHS200×100×9 C1-2 RHS250×150×6 
C1-3 RHS250×150×8 C1-3 RHS250×150×6 
C1-4 RHS250×150×9 C1-4 RHS250×150×6 
C1-5 RHS250×150×6 C1-5 RHS250×150×6 
C1-6 RHS250×150×8 C1-6 RHS250×150×6 
C1-7 RHS250×150×9 C1-7 RHS250×150×6 
C1-8 RHS250×150×6 C1-8 RHS250×150×6 
C2-1 RHS250×150×9 C2-1 RHS250×150×6 
C2-2 RHS250×150×8 C2-2 RHS250×150×6 
C2-3 RHS250×150×8 C2-3 RHS250×150×6 
C2-4 RHS250×150×8 C2-4 RHS250×150×6 
C2-5 RHS250×150×8 C2-5 RHS250×150×6 
C2-6 RHS250×150×8 C2-6 RHS250×150×6 
C3-1 RHS250×150×8 C3-1 RHS250×150×6 
C3-2 RHS250×150×8 C3-2 RHS250×150×6 
C3-3 RHS250×150×8 C3-3 RHS250×150×6 
C3-4 RHS250×150×8 C3-4 RHS250×150×6 
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C4-1 RHS250×150×8 C4-1 RHS250×150×6 
C4-2 RHS250×150×8 C4-2 RHS250×150×8 
C4-3 RHS250×150×8 C4-3 RHS250×150×8 
C4-4 RHS250×150×8 C4-4 RHS250×150×6 
 
Sway 
Frame 6 
Members Section 
Sway 
Frame 6 
Members Section 
System 
based  
design 
φsystem=0.85 
BX1-1 RHS200×100×5 
System 
based  
design 
φsystem=0.9 
BX1-1 RHS200×100×5 
BX1-2 RHS250×150×8 BX1-2 RHS250×150×8 
BX1-3 RHS250×150×6 BX1-3 RHS250×150×6 
BX1-4 RHS250×150×6 BX1-4 RHS250×150×6 
BX1-5 RHS250×150×6 BX1-5 RHS250×150×6 
BX2-1 RHS250×150×8 BX2-1 RHS250×150×8 
BX2-2 RHS200×100×6 BX2-2 RHS200×100×6 
BX2-3 RHS250×150×5 BX2-3 RHS250×150×5 
BX2-4 RHS200×100×6 BX2-4 RHS200×100×6 
BX3-1 RHS250×150×5 BX3-1 RHS250×150×5 
BX3-2 RHS250×150×5 BX3-2 RHS250×150×5 
BX4-1 RHS200×100×5 BX4-1 RHS200×100×5 
BX4-2 RHS200×100×5 BX4-2 RHS200×100×5 
BZ1-1 RHS250×150×5 BZ1-1 RHS250×150×5 
BZ1-2 RHS300×200×8 BZ1-2 RHS300×200×6 
BZ1-3 RHS200×100×6 BZ1-3 RHS200×100×5 
BZ1-4 RHS250×150×6 BZ1-4 RHS250×150×6 
BZ1-5 RHS200×100×6 BZ1-5 RHS200×100×5 
BZ2-1 RHS200×100×5 BZ2-1 RHS200×100×5 
BZ2-2 RHS250×150×8 BZ2-2 RHS250×150×8 
BZ2-3 RHS250×150×5 BZ2-3 RHS250×150×5 
BZ3-1 RHS250×150×5 BZ3-1 RHS250×150×5 
BZ3-2 RHS250×150×5 BZ3-2 RHS250×150×5 
BZ4-1 RHS200×100×5 BZ4-1 RHS200×100×5 
BZ4-2 RHS200×100×5 BZ4-2 RHS200×100×5 
C1-1 RHS250×150×5 C1-1 RHS200×100×5 
C1-2 RHS250×150×5 C1-2 RHS200×100×5 
C1-3 RHS250×150×6 C1-3 RHS250×150×5 
C1-4 RHS250×150×6 C1-4 RHS250×150×5 
C1-5 RHS250×150×6 C1-5 RHS250×150×5 
C1-6 RHS250×150×6 C1-6 RHS250×150×5 
C1-7 RHS250×150×6 C1-7 RHS250×150×5 
C1-8 RHS250×150×6 C1-8 RHS250×150×5 
C2-1 RHS250×150×6 C2-1 RHS250×150×5 
C2-2 RHS250×150×6 C2-2 RHS250×150×5 
C2-3 RHS250×150×6 C2-3 RHS250×150×5 
C2-4 RHS250×150×6 C2-4 RHS250×150×5 
C2-5 RHS250×150×6 C2-5 RHS250×150×5 
C2-6 RHS250×150×6 C2-6 RHS250×150×5 
C3-1 RHS250×150×6 C3-1 RHS250×150×5 
C3-2 RHS250×150×6 C3-2 RHS250×150×5 
C3-3 RHS250×150×6 C3-3 RHS250×150×5 
C3-4 RHS250×150×6 C3-4 RHS250×150×5 
C4-1 RHS250×150×6 C4-1 RHS250×150×5 
C4-2 RHS250×150×6 C4-2 RHS250×150×5 
C4-3 RHS250×150×6 C4-3 RHS250×150×5 
Appendix G - Design Examples 
 
666 
 
C4-4 RHS250×150×6 C4-4 RHS250×150×5 
G.2 Design example 3-HSS Rigid joint Braced Frame 3 under gravity loads 
Table G2: Cross-section sizes for HSS rigid joint Braced Frame 3 
Braced 
Frame 3 
Members Section 
Braced 
Frame 3 
Members Section 
Design 
based on 
(AISC360) 
BX1-1 RHS200×100×6 
System 
based  
design 
φsystem=0.8 
BX1-1 RHS200×100×6 
BX1-2 RHS250×150×6 BX1-2 RHS250×150×5 
BX1-3 RHS200×100×6 BX1-3 RHS200×100×6 
BX1-4 RHS250×150×6 BX1-4 RHS250×150×5 
BX2-1 RHS152×76×6 BX2-1 RHS152×76×6 
BX2-2 RHS152×76×6 BX2-2 RHS200×100×4 
BX2-3 RHS200×100×5 BX2-3 RHS152×76×5 
BX2-4 RHS200×100×5 BX2-4 RHS200×100×4 
BZ1-1 RHS200×100×4 BZ1-1 RHS200×100×4 
BZ1-2 RHS250×150×6 BZ1-2 RHS250×150×6 
BZ1-3 RHS200×100×4 BZ1-3 RHS200×100×4 
BZ2-1 RHS125×75×5 BZ2-1 RHS125×75×5 
BZ2-2 RHS200×100×5 BZ2-2 RHS200×100×5 
BZ2-3 RHS125×75×5 BZ2-3 RHS125×75×5 
C1-1 RHS200×100×5 C1-1 RHS200×100×5 
C1-2 RHS250×150×6 C1-2 RHS250×150×5 
C1-3 RHS250×150×6 C1-3 RHS250×150×5 
C1-4 RHS200×100×5 C1-4 RHS200×100×5 
C1-5 RHS250×150×6 C1-5 RJS250×150×5 
C1-6 RHS250×150×6 C1-6 RHS250×150×5 
C2-1 RHS200×100×5 C2-1 RHS200×100×4 
C2-2 RHS200×100×8 C2-2 RHS200×100×6 
C2-3 RHS200×100×8 C2-3 RHS200×100×6 
C2-4 RHS200×100×5 C2-4 RHS200×100×4 
C2-5 RHS200×100×8 C2-5 RHS200×100×6 
C2-6 RHS200×100×8 C2-6 RHS200×100×6 
Brace  2L150×150×13 Brace  2L150×150×13 
 
Braced 
Frame 3 
Members Section 
Braced 
Frame 3 
Members Section 
 
System 
based  
design 
φsystem=0.85 
BX1-1 RHS200×100×6 
 
System 
based  
design 
φsystem=0.9 
BX1-1 RHS200×100×6 
BX1-2 RHS250×150×5 BX1-2 RHS200×100×6 
BX1-3 RHS200×100×6 BX1-3 RHS200×100×6 
BX1-4 RHS200×100×5 BX1-4 RHS200×100×6 
BX2-1 RHS152×76×5 BX2-1 RHS152×76×5 
BX2-2 RHS200×100×4 BX2-2 RHS200×100×4 
BX2-3 RHS152×76×5 BX2-3 RHS152×76×5 
BX2-4 RHS200×100×4 BX2-4 RHS200×100×4 
BZ1-1 RHS200×100×4 BZ1-1 RHS200×100×4 
BZ1-2 RHS250×150×6 BZ1-2 RHS250×150×6 
BZ1-3 RHS200×100×4 BZ1-3 RHS200×100×4 
BZ2-1 RJS125×75×5 BZ2-1 RHS125×75×5 
BZ2-2 RHS200×100×5 BZ2-2 RHS200×100×5 
BZ2-3 RHS125×75×5 BZ2-3 RHS125×75×5 
C1-1 RHS200×100×5 C1-1 RHS200×100×5 
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C1-2 RHS200×100×6 C1-2 RHS200×100×6 
C1-3 RHS250×150×5 C1-3 RHS200×100×6 
C1-4 RHS200×100×5 C1-4 RHS200×100×5 
C1-5 RHS200×100×6 C1-5 RHS200×100×6 
C1-6 RHS200×100×6 C1-6 RHS200×100×6 
C2-1 RHS200×100×4 C2-1 RHS152×76×5 
C2-2 RHS200×100×4 C2-2 RHS152×76×5 
C2-3 RHS200×100×4 C2-3 RHS152×76×5 
C2-4 RHS200×100×4 C2-4 RHS152×76×5 
C2-5 RHS200×100×4 C2-5 RHS152×76×5 
C2-6 RHS200×100×4 C2-6 RHS152×76×5 
Brace  2L150×150×13 Brace 2L150×150×13 
 
G.3 Design example 3-HSS Sway Frame 2 subjected to Wind Load Case 7 
Table G3: Cross-section sizes for HSS Sway Frame 2 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
Design 
based on 
(AISC360) 
BX1-1 RHS250×150×6 
System 
based  
design 
φsystem=0.8 
BX1-1 RHS250×150×6 
BX1-2 RHS250×150×6 BX1-2 RHS250×150×6 
BX2-1 RHS250×150×6 BX1-3 RHS250×150×5 
BX2-2 RHS250×150×6 BX1-4 RHS250×150×5 
BX3-1 RHS200×100×5 BX2-1 RHS152×76×6 
BX3-2 RHS200×100×5 BX2-2 RHS152×76×6 
BZ1-1 RHS250×150×6 BX2-3 RHS250×150×5 
BZ1-2 RHS250×150×6 BX2-4 RHS250×150×5 
BZ2-1 RHS250×150×6 BZ1-1 RHS250×150×5 
BZ2-2 RHS250×150×6 BZ1-2 RHS250×150×5 
BZ3-1 RHS200×100×5 BZ1-3 RHS152×76×6 
BZ3-2 RHS200×100×5 BZ2-1 RHS152×76×6 
C1-1 RHS250×150×10 BZ2-2 RHS200×100×6 
C1-2 RHS250×150×8 BZ2-3 RHS250×150×8 
C1-3 RHS250×150×8 C1-1 RHS250×150×8 
C1-4 RHS200×100×6 C1-2 RHS250×150×8 
C2-1 RHS250×150×9 C1-3 RHS200×100×6 
C2-2 RHS250×150×6 C1-4 RHS250×150×6 
C2-3 SHS250×150×6 C1-5 RHS250×150×6 
C2-4 RHS200×100×6 C1-6 RHS250×150×6 
C3-1 RHS250×150×6 C2-1 RHS200×100×6 
C3-2 RHS200×100×9 C2-2 RHS250×150×6 
C3-3 RHS250×150×6 C2-3 RHS250×150×6 
C3-4 RHS200×100×6 C2-4 RHS250×150×6 
 
Sway 
Frame 2 
Members Section 
Sway 
Frame 2 
Members Section 
System 
based  
design 
φsystem=0.85 
BX1-1 RHS250×150×6 
System 
based  
design 
φsystem=0.9 
BX1-1 RHS250×150×6 
BX1-2 RHS250×150×6 BX1-2 RHS250×150×5 
BX2-1 RHS250×150×5 BX1-3 RHS250×150×5 
BX2-2 RHS250×150×5 BX1-4 RHS250×150×5 
BX3-1 RHS152×76×6 BX2-1 RHS152×76×6 
BX3-2 RHS152×76×6 BX2-2 RHS152×76×6 
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BZ1-1 RHS250×150×5 BX2-3 RHS250×150×5 
BZ1-2 RHS250×150×5 BX2-4 RHS250×150×5 
BZ2-1 RHS250×150×5 BZ1-1 RHS250×150×5 
BZ2-2 RHS250×150×5 BZ1-2 RHS250×150×5 
BZ3-1 RHS152×76×6 BZ1-3 RHS152×76×6 
BZ3-2 RHS152×76×6 BZ2-1 RHS152×76×6 
C1-1 RHS200×100×5 BZ2-2 RHS200×100×5 
C1-2 RHS250×150×8 BZ2-3 RHS250×150×8 
C1-3 RHS250×150×8 C1-1 RHS250×150×8 
C1-4 RHS200×100×6 C1-2 RHS250×150×6 
C2-1 RHS200×100×5 C1-3 RHS200×100×5 
C2-2 RHS250×150×6 C1-4 RHS250×150×5 
C2-3 RHS250×150×6 C1-5 RHS200×100×6 
C2-4 RHS250×150×6 C1-6 RHS250×150×6 
C3-1 RHS200×100×5 C2-1 RHS200×100×5 
C3-2 RHS250×150×5 C2-2 RHS200×100×5 
C3-3 RHS250×150×5 C2-3 RHS200×100×5 
C3-4 RHS250×150×5 C2-4 RHS200×100×5 
 
G.4 Design example 4-HSS Sway Frame 5 subjected to uni-direction wind 
loads 
Table G4: Cross-section sizes for HSS Sway Frame 5 
Sway 
Frame 5 
Members Section 
Sway 
Frame 5 
Members Section 
Design 
based on 
(AISC360) 
BX1-1 RHS250×150×6 
System 
based  
design 
φsystem=0.8 
BX1-1 RHS250×150×5 
BX1-2 RHS200×100×8 BX1-2 RHS200×100×6 
BX1-3 RHS250×150×6 BX1-3 RHS250×150×5 
BX1-4 RHS250×150×6 BX1-4 RHS250×150×5 
BX2-1 RHS250×150×6 BX2-1 RHS250×150×5 
BX2-2 RHS200×100×8 BX2-2 RHS200×100×6 
BX2-3 RHS250×150×6 BX2-3 RHS250×150×5 
BX2-4 RHS250×150×6 BX2-4 RHS250×150×5 
BX3-1 RHS250×150×6 BX3-1 RHS250×150×5 
BX3-2 RHS250×150×5 BX3-2 RHS150×100×6 
BX3-3 RHS200×100×8 BX3-3 RHS200×100×6 
BX3-4 RHS200×100×5 BX3-4 RHS150×100×6 
BX4-1 RHS200×100×8 BX4-1 RHS200×100×6 
BX4-2 RHS200×100×8 BX4-2 RHS200×100×6 
BX5-1 RHS200×100×8 BX5-1 RHS200×100×6 
BX5-2 RHS200×100×8 BX5-2 RHS200×100×6 
BX6-1 RHS200×100×8 BX6-1 RHS200×100×4 
BX6-2 RHS200×100×8 BX6-2 RHS200×100×4 
BZ1-1 RHS300×200×8 BZ1-1 RHS300×200×8 
BZ1-2 RHS350×250×10 BZ1-2 RHS350×250×10 
BZ1-3 RHS250×150×8 BZ1-3 RHS250×150×8 
BZ2-1 RHS300×200×8 BZ2-1 RHS300×200×8 
BZ2-2 RHS350×250×10 BZ2-2 RHS350×250×10 
BZ2-3 RHS250×150×6 BZ2-3 RHS250×150×6 
BZ3-1 RHS300×200×8 BZ3-1 RHS300×200×8 
BZ3-2 RHS300×200×10 BZ3-2 RHS300×200×10 
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BZ3-3 RHS200×100×5 BZ3-3 RHS200×100×5 
BZ4-1 RHS250×150×8 BZ4-1 RHS250×150×6 
BZ4-2 RHS250×150×8 BZ4-2 RHS250×150×8 
BZ5-1 RHS250×150×6 BZ5-1 RHS250×150×6 
BZ5-2 RHS250×150×6 BZ5-2 RHS250×150×6 
BZ6-1 RHS200×100×5 BZ6-1 RHS200×100×4 
BZ6-2 RHS200×100×5 BZ6-2 RHS200×100×4 
C1-1 RHS300×200×10 C1-1 RHS300×200×10 
C1-2 RHS350×250×12.5 C1-2 RHS350×250×12.5 
C1-3 RHS250×150×8 C1-3 RHS250×150×8 
C1-4 RHS250×150×8 C1-4 RHS250×150×6 
C1-5 RHS250×150×8 C1-5 RHS250×150×8 
C1-6 RHS200×100×6 C1-6 RHS200×100×6 
C2-1 RHS300×200×8 C2-1 RHS300×200×8 
C2-2 RHS300×200×10 C2-2 RHS300×200×10 
C2-3 RHS250×150×8 C2-3 RHS250×150×5 
C2-4 RHS250×150×6 C2-4 RHS250×150×6 
C2-5 RHS250×150×6 C2-5 RHS250×150×6 
C2-6 RHS200×100×5 C2-6 RHS150×100×6 
C3-1 RHS300×200×8 C3-1 RHS250×150×6 
C3-2 RHS300×200×8 C3-2 RGS300×200×8 
C3-3 RHS250×150×6 C3-3 RHS250×150×5 
C3-4 RHS250×150×6 C3-4 RHS250×150×6 
C3-5 RHS200×100×6 C3-5 RHS250×150×6 
C3-6 RHS200×100×5 C3-6 RHS150×100×6 
C4-1 RHS250×150×8 C4-1 RHS250×150×6 
C4-2 RHS250×150×9 C4-2 RHS250×150×9 
C4-3 RHS250×150×6 C4-3 RHS250×150×6 
C4-4 RHS250×150×6 C4-4 RHS250×150×6 
C5-1 RHS250×150×8 C5-1 RHS250×150×6 
C5-2 RHS250×150×8 C5-2 RHS250×150×8 
C5-3 RHS200×100×6 C5-3 RHS200×100×6 
C5-4 RHS200×100×5 C5-4 RHS200×100×6 
C6-1 RHS250×150×6 C6-1 RHS250×150×6 
C6-2 RHS250×150×6 C6-2 RHS250×150×6 
C6-3 RHS250×150×6 C6-3 RHS250×150×6 
C6-4 RHS250×150×6 C6-4 RHS200×100×6 
 
Sway 
Frame 5 
Members Section 
Sway 
Frame 5 
Members Section 
System 
based  
design 
φsystem=0.85 
BX1-1 RHS250×150×5 
System 
based  
design 
φsystem=0.9 
BX1-1 RHS250×150×5 
BX1-2 RHS200×100×6 BX1-2 RHS200×100×6 
BX1-3 RHS250×150×5 BX1-3 RHS250×150×5 
BX1-4 RHS250×150×5 BX1-4 RHS200×100×6 
BX2-1 RHS250×150×5 BX2-1 RHS250×150×5 
BX2-2 RHS200×100×6 BX2-2 RHS150×100×6 
BX2-3 RHS250×150×5 BX2-3 RHS200×100×6 
BX2-4 RHS250×150×5 BX2-4 RHS150×100×6 
BX3-1 RHS250×150×5 BX3-1 RHS200×100×6 
BX3-2 RHS150×100×6 BX3-2 RHS2050×150×5 
BX3-3 RHS200×100×6 BX3-3 RHS200×100×6 
BX3-4 RHS150×100×6 BX3-4 RHS250×150×5 
BX4-1 RHS200×100×6 BX4-1 RHS200×100×4 
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BX4-2 RHS200×100×6 BX4-2 RHS1200×100×4 
BX5-1 RHS200×100×6 BX5-1 RHS200×100×6 
BX5-2 RHS200×100×6 BX5-2 RHS250×150×5 
BX6-1 RHS200×100×4 BX6-1 RHS200×100×4 
BX6-2 RHS200×100×4 BX6-2 RHS200×100×4 
BZ1-1 RHS300×200×8 BZ1-1 RHS300×200×8 
BZ1-2 RHS350×250×10 BZ1-2 RHS350×250×10 
BZ1-3 RHS250×150×5 BZ1-3 RHS250×150×5 
BZ2-1 RHS300×200×8 BZ2-1 RHS300×200×8 
BZ2-2 RHS350×250×10 BZ2-2 RHS350×250×10 
BZ2-3 RHS250×150×5 BZ2-3 RHS250×150×5 
BZ3-1 RHS300×200×6 BZ3-1 RHS300×200×6 
BZ3-2 RHS300×200×10 BZ3-2 RHS300×200×10 
BZ3-3 RHS200×100×5 BZ3-3 RHS200×100×5 
BZ4-1 RHS250×150×6 BZ4-1 RHS250×150×6 
BZ4-2 RHS250×150×6 BZ4-2 RHS250×150×6 
BZ5-1 RHS250×150×6 BZ5-1 RHS250×150×5 
BZ5-2 RHS250×150×5 BZ5-2 RHS250×150×5 
BZ6-1 RHS200×100×4 BZ6-1 RHS200×100×4 
BZ6-2 RHS200×100×4 BZ6-2 RHS200×100×4 
C1-1 RHS300×200×8 C1-1 RHS300×200×8 
C1-2 RHS350×250×12.5 C1-2 RHS350×250×12.5 
C1-3 RHS250×150×8 C1-3 RHS250×150×6 
C1-4 RHS250×150×6 C1-4 RHS250×150×6 
C1-5 RHS250×150×6 C1-5 RHS250×150×6 
C1-6 RHS200×100×6 C1-6 RHS152×76×6 
C2-1 RHS300×200×6 C2-1 RHS300×200×6 
C2-2 RHS300×200×10 C2-2 RHS300×200×10 
C2-3 RHS250×150×5 C2-3 RHS250×150×5 
C2-4 RHS250×150×6 C2-4 RHS250×150×6 
C2-5 RHS250×150×6 C2-5 RHS250×150×6 
C2-6 RHS150×100×6 C2-6 RHS150×100×6 
C3-1 RHS250×150×6 C3-1 RHS250×150×6 
C3-2 RHS300×200×8 C3-2 RHS300×200×8 
C3-3 RHS250×150×5 C3-3 RHS250×150×5 
C3-4 RHS250×150×6 C3-4 RHS250×150×5 
C3-5 RHS250×150×6 C3-5 RHS250×150×6 
C3-6 RHS150×100×6 C3-6 RHS150×100×6 
C4-1 RHS250×150×6 C4-1 RHS250×150×6 
C4-2 RGS259×159×6 C4-2 RHS250×150×6 
C4-3 RHS250×150×6 C4-3 RHS250×150×5 
C4-4 RHS250×150×6 C4-4 RHS250×150×6 
C5-1 RHS250×150×5 C5-1 RHS250×150×5 
C5-2 RHS250×150×5 C5-2 RHS250×150×5 
C5-3 RHS200×100×6 C5-3 RHS200×100×6 
C5-4 RHS200×100×6 C5-4 RHS200×100×6 
C6-1 RHS250×150×5 C6-1 RHS250×150×5 
C6-2 RHS250×150×5 C6-2 RHS250×150×5 
C6-3 RHS200×100×6 C6-3 RHS200×100×6 
C6-4 RHS200×100×6 C6-4 RHS200×100×6 
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G.5 Design example 5-I-section Sway Frame 4 under gravity loads 
Table G5: Cross-section sizes for I-section Sway Frame 4 
Sway 
Frame 4 
Members Section 
Sway 
Frame 4 
Members Section 
Design based 
on 
(AISC360) 
BX1-1 250UB37.3 
System 
based  
design 
φsystem=0.8 
BX1-1 250UB37.3 
BX1-2 250UB37.3 BX1-2 250UB37.3 
BX1-3 250UB37.3 BX1-3 250UB37.3 
BX1-4 250UB37.3 BX1-4 250UB37.3 
BX2-1 250UB37.3 BX2-1 250UB31.4 
BX2-2 250UB37.3 BX2-2 250UB31.4 
BX2-3 250UB37.3 BX2-3 250UB31.4 
BX2-4 250UB37.3 BX2-4 250UB31.4 
BX3-1 200UB25.4 BX3-1 200UB25.4 
BX3-2 200UB25.4 BX3-2 200UB25.4 
BX3-3 200UB25.4 BX3-3 200UB25.4 
BX3-4 200UB25.4 BX3-4 200UB25.4 
BZ1-1 250UB37.3 BZ1-1 250UB37.3 
BZ1-2 310UB46.2 BZ1-2 310UB40.4 
BZ1-3 250UB37.3 BZ1-3 250UB37.3 
BZ2-1 250UB31.4 BZ2-1 250UB31.4 
BZ2-2 310UB46.2 BZ2-2 310UB40.4 
BZ2-3 250UB31.4 BZ2-3 250UB31.4 
BZ3-1 200UB22.3 BZ3-1 200UB22.3 
BZ3-2 310UB40.4 BZ3-2 310UB40.4 
BZ3-3 200UB22.3 BZ3-3 200UB22.3 
C1-1 150UC37.2 C1-1 150UC37.2 
C1-2 200UC46.2 C1-2 200UC46.2 
C1-3 150UC37.2 C1-3 150UC37.2 
C1-4 150UC37.2 C1-4 150UC37.2 
C1-5 200UC46.2 C1-5 200UC46.2 
C1-6 150UC37.2 C1-6 150UC37.2 
C2-1 150UC37.2 C2-1 150UC37.2 
C2-2 200UC46.2 C2-2 200UC46.2 
C2-3 150UC37.2 C2-3 150UC37.2 
C2-4 150UC37.2 C2-4 150UC37.2 
C2-5 200UC46.2 C2-5 200UC46.2 
C2-6 150UC37.2 C2-6 150UC37.2 
C3-1 150UC37.2 C3-1 150UC37.2 
C3-2 150UC30.0 C3-2 150UC30.0 
C3-3 150UC37.2 C3-3 150UC37.2 
C3-4 150UC37.2 C3-4 150UC37.2 
C3-5 150UC30.0 C3-5 150UC30.0 
C3-6 150UC37.2 C3-6 150UC37.2 
 
Sway 
Frame 4 
Members Section 
Sway 
Frame 4 
Members Section 
System- 
based  
design 
φsystem=0.85 
BX1-1 250UB31.4 
System 
based  
design 
φsystem=0.9 
BX1-1 250UB31.4 
BX1-2 250UB31.4 BX1-2 250UB31.4 
BX1-3 250UB31.4 BX1-3 250UB31.4 
BX1-4 250UB31.4 BX1-4 250UB31.4 
BX2-1 250UB31.4 BX2-1 250UB31.4 
Appendix G - Design Examples 
 
672 
 
BX2-2 250UB31.4 BX2-2 250UB31.4 
BX2-3 250UB31.4 BX2-3 250UB31.4 
BX2-4 250UB31.4 BX2-4 250UB31.4 
BX3-1 200UB22.3 BX3-1 200UB22.3 
BX3-2 200UB22.3 BX3-2 200UB22.3 
BX3-3 200UB22.3 BX3-3 200UB22.3 
BX3-4 200UB22.3 BX3-4 200UB22.3 
BZ1-1 250UB31.4 BZ1-1 250UB31.4 
BZ1-2 310UB46.2 BZ1-2 310UB32.0 
BZ1-3 250UB31.4 BZ1-3 250UB31.4 
BZ2-1 250UB31.4 BZ2-1 250UB31.4 
BZ2-2 310UB46.2 BZ2-2 310UB32.0 
BZ2-3 250UB31.4 BZ2-3 250UB31.4 
BZ3-1 200UB22.3 BZ3-1 200UB22.3 
BZ3-2 310UB40.4 BZ3-2 310UB40.4 
BZ3-3 200UB22.3 BZ3-3 200UB22.3 
C1-1 150UC37.2 C1-1 150UC30.0 
C1-2 200UC46.2 C1-2 200UC46.2 
C1-3 150UC37.2 C1-3 150UC30.0 
C1-4 150UC37.2 C1-4 150UC30.0 
C1-5 200UC46.2 C1-5 200UC46.2 
C1-6 150UC37.2 C1-6 150UC30.0 
C2-1 150UC37.2 C2-1 150UC30.0 
C2-2 150UC37.2 C2-2 150UC37.2 
C2-3 150UC37.2 C2-3 150UC30.0 
C2-4 150UC37.2 C2-4 150UC30.0 
C2-5 150UC37.2 C2-5 150UC37.2 
C2-6 150UC37.2 C2-6 150UC30.0 
C3-1 150UC37.2 C3-1 150UC30.0 
C3-2 150UC30.0 C3-2 150UC30.0 
C3-3 150UC37.2 C3-3 150UC30.0 
C3-4 150UC37.2 C3-4 150UC30.0 
C3-5 150UC30.0 C3-5 150UC30.0 
C3-6 150UC37.2 C3-6 150UC30.0 
 
G.6 Design example 6-I-section Sway Frame 5 under gravity loads 
Table G6: Cross-section sizes for I-section Sway Frame 5 
Sway 
Frame 5 
Members Section 
Sway 
Frame 5 
Members Section 
Design 
based on 
(AISC360) 
BX1-1 310UB32.0 
System 
based  
design 
φsystem=0.8 
BX1-1 250UB37.3 
BX1-2 310UB32.0 BX1-2 250UB37.3 
BX1-3 310UB32.0 BX1-3 250UB37.3 
BX1-4 310UB32.0 BX1-4 250UB37.3 
BX2-1 310UB32.0 BX2-1 250UB37.3 
BX2-2 310UB32.0 BX2-2 250UB37.3 
BX2-3 310UB32.0 BX2-3 250UB37.3 
BX2-4 310UB32.0 BX2-4 250UB37.3 
BX3-1 310UB32.0 BX3-1 250UB37.3 
BX3-2 200UB22.3 BX3-2 250UB25.7 
BX3-3 310UB32.0 BX3-3 250UB37.3 
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BX3-4 250UB25.7 BX3-4 250UB25.7 
BX4-1 250UB31.4 BX4-1 250UB37.3 
BX4-2 250UB25.7 BX4-2 250UB37.3 
BX5-1 250UB31.4 BX5-1 250UB37.3 
BX5-2 250UB31.4 BX5-2 250UB37.3 
BX6-1 200UB18.2 BX6-1 200UB18.2 
BX6-2 200UB18.2 BX6-2 200UB18.2 
BZ1-1 410UB53.7 BZ1-1 310UB46.2 
BZ1-2 530UB82.0 BZ1-2 530UB82.0 
BZ1-3 310UB40.4 BZ1-3 310UB40.4 
BZ2-1 410UB59.7 BZ2-1 310UB46.2 
BZ2-2 460UB74.6 BZ2-2 460UB67.1 
BZ2-3 310UB40.4 BZ2-3 310UB40.4 
BZ3-1 360UB50.7 BZ3-1 310UB46.2 
BZ3-2 410UB59.7 BZ3-2 410UB59.7 
BZ3-3 200UB22.3 BZ3-3 200UB22.3 
BZ4-1 360UB44.7 BZ4-1 310UB32.0 
BZ4-2 360UB44.7 BZ4-2 310UB40.4 
BZ5-1 250UB31.4 BZ5-1 310UB32.0 
BZ5-2 310UB40.4 BZ5-2 310UB40.4 
BZ6-1 200UB22.3 BZ6-1 200UB18.2 
BZ6-2 200UB22.3 BZ6-2 200UB18.2 
C1-1 250UC89.5 C1-1 250UC72.9 
C1-2 310UC137 C1-2 310UC118 
C1-3 200UC59.5 C1-3 200UC59.5 
C1-4 250UC72.9 C1-4 200UC52.2 
C1-5 250UC72.9 C1-5 250UC72.9 
C1-6 200UC46.2 C1-6 200UC46.2 
C2-1 250UC89.5 C2-1 250UC72.9 
C2-2 250UC89.5 C2-2 250UC89.5 
C2-3 200UC59.5 C2-3 200UC52.2 
C2-4 200UC52.2 C2-4 200UC52.2 
C2-5 200UC46.2 C2-5 200UC46.2 
C2-6 150UC37.2 C2-6 150UC37.2 
C3-1 250UC72.9 C3-1 250UC72.9 
C3-2 250UC72.9 C3-2 250UC72.9 
C3-3 200UC52.2 C3-3 200UC52.2 
C3-4 200UC52.2 C3-4 200UC52.2 
C3-5 200UC46.2 C3-5 200UC46.2 
C3-6 150UC37.2 C3-6 150UC37.2 
C4-1 250UC72.9 C4-1 200UC46.2 
C4-2 250UC72.9 C4-2 200UC46.2 
C4-3 200UC46.2 C4-3 200UC46.2 
C4-4 200UC46.2 C4-4 200UC46.2 
C5-1 200UC59.5 C5-1 200UC46.2 
C5-2 200UC59.5 C5-2 200UC46.2 
C5-3 200UC46.2 C5-3 200UC46.2 
C5-4 200UC46.2 C5-4 200UC46.2 
C6-1 200UC59.5 C6-1 200UC46.2 
C6-2 200UC59.5 C6-2 200UC46.2 
C6-3 200UC46.2 C6-3 200UC46.2 
C6-4 200UC46.2 C6-4 200UC46.2 
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Sway 
Frame 5 
Members Section 
Sway 
Frame 5 
Members Section 
 
 
System 
based  
design 
φsystem=0.85 
BX1-1 250UB31.4 
 
 
System 
based  
design 
φsystem=0.9 
BX1-1 250UB31.4 
BX1-2 250UB31.4 BX1-2 250UB31.4 
BX1-3 250UB31.4 BX1-3 250UB25.7 
BX1-4 250UB31.4 BX1-4 250UB25.7 
BX2-1 250UB31.4 BX2-1 250UB31.4 
BX2-2 250UB31.4 BX2-2 250UB31.4 
BX2-3 250UB31.4 BX2-3 250UB25.7 
BX2-4 250UB31.4 BX2-4 250UB25.7 
BX3-1 250UB31.4 BX3-1 250UB31.4 
BX3-2 200UB18.2 BX3-2 200UB18.2 
BX3-3 250UB31.4 BX3-3 250UB31.4 
BX3-4 200UB18.2 BX3-4 200UB18.2 
BX4-1 250UB25.7 BX4-1 250UB25.7 
BX4-2 250UB25.7 BX4-2 250UB25.7 
BX5-1 250UB25.7 BX5-1 250UB25.7 
BX5-2 250UB25.7 BX5-2 250UB25.7 
BX6-1 200UB18.2 BX6-1 200UB18.2 
BX6-2 200UB18.2 BX6-2 200UB18.2 
BZ1-1 310UB46.2 BZ1-1 310UB46.2 
BZ1-2 460UB67.1 BZ1-2 460UB67.1 
BZ1-3 310UB46.2 BZ1-3 310UB46.2 
BZ2-1 310UB46.2 BZ2-1 310UB46.2 
BZ2-2 460UB67.1 BZ2-2 460UB67.1 
BZ2-3 310UB46.2 BZ2-3 310UB46.2 
BZ3-1 310UB46.2 BZ3-1 310UB46.2 
BZ3-2 460UB67.1 BZ3-2 460UB67.1 
BZ3-3 200UB18.2 BZ3-3 200UB18.2 
BZ4-1 310UB32.0 BZ4-1 310UB32.0 
BZ4-2 310UB40.4 BZ4-2 310UB40.4 
BZ5-1 310UB32.0 BZ5-1 310UB32.0 
BZ5-2 310UB40.4 BZ5-2 310UB40.4 
BZ6-1 200UB18.2 BZ6-1 200UB18.2 
BZ6-2 200UB18.2 BZ6-2 200UB18.2 
C1-1 250UC72.9 C1-1 250UC72.9 
C1-2 310UC118 C1-2 310UC96.8 
C1-3 200UC59.5 C1-3 200UC59.5 
C1-4 200UC52.2 C1-4 200UC52.2 
C1-5 250UC72.9 C1-5 250UC72.9 
C1-6 200UC46.2 C1-6 200UC46.2 
C2-1 250UC72.9 C2-1 250UC72.9 
C2-2 250UC89.5 C2-2 250UC89.5 
C2-3 200UC52.2 C2-3 200UC52.2 
C2-4 200UC52.2 C2-4 200UC52.2 
C2-5 200UC46.2 C2-5 200UC46.2 
C2-6 150UC37.2 C2-6 150UC37.2 
C3-1 250UC72.9 C3-1 250UC72.9 
C3-2 250UC72.9 C3-2 250UC72.9 
C3-3 200UC52.2 C3-3 200UC52.2 
C3-4 200UC52.2 C3-4 200UC52.2 
C3-5 200UC46.2 C3-5 200UC46.2 
C3-6 150UC37.2 C3-6 150UC37.2 
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C4-1 200UC46.2 C4-1 200UC46.2 
C4-2 200UC46.2 C4-2 200UC46.2 
C4-3 200UC46.2 C4-3 200UC46.2 
C4-4 200UC46.2 C4-4 200UC46.2 
C5-1 200UC46.2 C5-1 200UC46.2 
C5-2 200UC46.2 C5-2 200UC46.2 
C5-3 200UC46.2 C5-3 200UC46.2 
C5-4 200UC46.2 C5-4 200UC46.2 
C6-1 200UC46.2 C6-1 200UC46.2 
C6-2 200UC46.2 C6-2 200UC46.2 
C6-3 200UC46.2 C6-3 200UC46.2 
C6-4 200UC46.2 C6-4 200UC46.2 
 
G.7 Detail of member design for HSS Sway Frame 6 
Table G7: Design summary for HSS Sway Frame 6 
Design detail 
Frame: HSS Sway Frame 6 
Load combination:1.2Dn+1.6Ln 
Member label: BX1-2 
Design Specification: AISC360-10 
Section:RHS 250×150×10 
Internal action based on 2nd order analysis 
Axial Load (Pu) =18.277 kN (Tension) 
Shear force in minor direction (V
*
x) =135.793 kN 
Shear force (V
*
z)= 0.220kN 
Moment in major direction (M
*
x) =225.443 kNm 
Moment in minordirection (M
*
z) =0.961 kNm 
Torsion (Tu) = 4.858 kNm 
Section Property 
A=7600 mm
2
 ry= 60.918 mm 
J=59418947.4 mm
4
 Sx=508026.7 mm
4
 
E=200000.000 MPa Sy=376044.4 mm
4
 
Ix=63503333.3 mm
4
 zx=624500 mm
3
 
Iy=28203333.3 mm
4
 zy=434500 mm
3
 
Fy=450.000 MPa Av3=3000 mm
2
 
Fu=500.000 MPa Av2=5000 mm
2
 
rx=91.410 mm  
 
Check for axial tension capacity 
 
 (a) Tensile yielding: 
φt = 0.9 (For tensile yield) 
 
 
(b)Tensile rupture in net section  
450 7600 3420
0.9 3420 3078
n y g
t n
P F A
kN
P kN


 


 
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φt = 0.75 (For rupture) 
 
 
Thus tensile rupture is governing  
 
Check for axial compression capacity 
 
φc = 0.9 (For compression) 
 
 
where Fcr is the flexral buckling stress calculated as: 
 
Since 
 
Thus 
 
Check for shear capacity 
 
φv = 0.9 (For shear) 
 
 
Check for flexural strength 
 
1. Yielding  
Major direction 
 
  
Minor direction 
 
2. Flexural-torsional buckling 
500 7600 3800
0.75 3800 2850
n u e
t n
P F A
kN
P kN


 


 
100.38 7600 762.89
0.9 752.89 686.6
n cr g
c n u
P F A kN
P kN P
 
 
  
  
2 2
2 2
3.14 200000
114.46
1 8000
( ) ( )
60.918
e
y
E
F MPa
KL
r
 

  
4.71  or 0.44e y
y
KL E
F F
r F
 
0.877 0.877 114.46 100.38cr eF F MPa  
*0.6 0.6 450 5000 1.0 1215n y W v xV F A C kN V     
*
624500 281.450
252.
0
923
52
nx p y x
nx x
kNm
M M F Z
M KNm M







*
434500 195.54 350
0.9 195.53 175.97
ny p y y
ny y
kNm
M M F Z
M kNm M


 
 

 
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Since section is compect rectrangular hollow section (RHS), thus local buckling and flexural torsional 
buckling is not considered. 
 
Check for torsion 
φT = 0.9 (For torsion) 
 
Check for combined action 
 
For Single or doublely symmetric section subject to combined axial force and biaxial moment: 
 
 
 
Since the members comply with the strength safety checks, the member is deemed safe as per 
AISC360-10 
 
G.8 Detail of member design for I-section Sway Frame 4 
Table G8: Design summary for I-section Sway Frame 4 
Design detail 
Frame: I-section Sway Frame 4 
Load combination:1.2Dn+1.6Ln 
Member label: BX3-1 
Design Specification: AISC360-10 
Section:RHS: 200UB25.4 
Internal action based on 2nd order analysis 
Axial Load (Pu) =7.887 kN (Tension) 
Shear force in minor direction (V
*
x) =37.146 kN 
Shear force (V
*
z)= 0.000543kN 
Moment in major direction (M
*
x) =49.990 kNm 
Moment in minordirection (M
*
z) =0.0022 kNm 
Torsion (Tu) = 0.002296 kNm 
Section Property 
A=3230 mm
2
 rx=85.478 mm 
J=62700 mm
4
 ry= 30.779 mm 
E=200000.000 MPa Sx=232512.315 mm
4
 
Ix= 23600000 mm
4
 Sy=46015.038 mm
4
 
Iy= 3060000 mm
4
 Zx=260000 mm
3
 
Iw= 29148825543 mm
6
 Zy =70900 mm
3
 
Fy=320.000 MPa Av3=1729 mm
2
 
 
3 3 3
*
0.6 = 270 MPa 
2( - )( ) 4.5(4 ) 2(240)(140)(10) 4.5(4 3.14)(10) 668137.2
0.9 180.4 162.4
n cr
cr y
T n u
T F C
F F
C B t H t t t mm
T kNm T




       
   
**
Since 0.2
1 18.3 225.4 0.961
( ) ( ) 0.5( ) ( ) 0.90 1.0
2 686.6 252.9 175.97
r
c
yxr
t c nx ny
P
P
MMP
P M M  

      
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Fu=440.000 MPa Av2=1177.4 mm
2
 
 
Check for axial tension capacity 
 
 (a) Tensile yielding: 
φt = 0.9 (For tensile yield) 
 
 
(b)Tensile rupture in net section  
φt = 0.75 (For rupture) 
 
 
 Thus tensile yielding is governing  
 
Check for axial compression capacity 
 
φc = 0.9 (For compression) 
 
 
where Fcr is the flexral buckling stress calculated as: 
 
Since 
 
Thus 
 
Check for shear capacity 
 
Major axis 
φv = 1.0 (For shear in major axis for hot-rolled I-section) 
 
 
Minor axis 
φv = 0.9 (For shear in minor axis) 
320 3230 1033.6
0.9 1033.6 930.24
n y g
t n
P F A
kN
P kN


 


 
440 3230 1421.2
0.75 1421.2 1065.9
n u e
t n
P F A
kN
P kN

 

 
 
45.51 3230 147
0.9 147 132.3
n cr g
c n
P F A kN
P kN
 
 
  
 
2 2
2 2
3.14 200000
51.89
1 6000
( ) ( )
30.779
e
y
E
F MPa
KL
r
 

  
4.71  or 0.44e y
y
KL E
F F
r F
 
0.877 0.877 51.89 45.51cr eF F MPa  
21177.4
0.6 0.6 320 1177.4 1.0 226.06
1.0 226.06 226.06
W w
n y W v
v n
A dt mm
V F A C kN
V kN
  

 
  
  
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Check for flexural strength 
 
Check for  
1. Yielding in major direction 
2. Yielding in minor direction 
2. Flexural-torsional buckling 
 
1. Yielding  
Major direction 
 
  
2. Minor direction 
 
 
3. Flexural-torsional buckling 
 
Thus: 
22 2074.8
0.6 0.6 320 2074.8 1.0 398.36
0.9 398.36 358.5
W f f
n y W v
v n
A b t mm
V F A C kN
V kN
  

 
  
  
*
2600320
0.9 83.2 74.880
00 83.2
nx p y x
nx x
kNm
M M F Z
M kNm M

 


 
*
320 70900 22.688
0.9 22.688 20.42
ny p y y
ny y
kNm
M M F Z
M kNm M
 

 

 
2
2
1.76 1354.3
0.7
1.95 1 1 6.76( )
0.7
    (64.89) (892.86) (0.0372) (1.826) 3935.5
6000
1284.5
195.2
1 for  symmetric I-section
p y
y
y x o
r ts
y x o
b
y w
ts
x
o f
b r
E
L r mm
F
F S hE Jc
L r
F S h E Jc
mm
L mm
I I
r
S
h d t mm
c
L L
 
  
    

 
  


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Therefore: 
 
 Flexural-torsional buckling is governing in major direction 
 Yielding is governing in minor direction 
 
Check for combined action 
 
For limit state of out-of-plane buckling or flexural-torsional buckling: 
 
 
For inplane stability check: 
 
 
Since the members comply with the strength safety checks, the member is deemed safe as per 
AISC360-10. 
 
G.9 Detail of member design for I-section Sway Frame 5 
Table G9: Design summary for I-section Sway Frame 5 
Design detail 
Frame: I-section Sway Frame 5 
Load combination:1.2Dn+0.5Ln+1.6Wn 
Member label: BX1-1 
Design Specification: AISC360-10 
Section: 310UB32.0 
Internal action based on 2nd order analysis 
2
2
2
max
max
294.6
1 0.078 ( )
( )
(143.7) (2.005) 288.05
12.5
2.04
2.5 3 4
232512.315 66.98
where
3
nx cr x
b b
cr
b x o ts
ts
b
a b c
M F S
C E
kNm
LJc
F
L S h r
r
MPa
M
C
M M M M



 
 
 
 
 


*0.9 66.98 60.28nx xM kNm M   
**
2 27.887 49.99( ) ( ) ( ) ( ) ( ) ( ) 0.747 1.0
132.3
0.002
60.28
2
20.42
yxr
u nx ny
MMP
P M M  
      
**
Since 0.2
1 7.887 49.99 0.0022
( ) ( ) 0.5( ) ( ) 0.696 1.0
2 132.3 74.88 20.42
r
c
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P
P
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
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Axial Load (Pu) =8.726 kN (Tension) 
Shear force in minor direction (V
*
x) =66.683 kN 
Shear force (V
*
z)= 0.123kN 
Moment in major direction (M
*
x) =117.513 kNm 
Moment in minordirection (M
*
z) =0.523 kNm 
Torsion (Tu) = 0.003 kNm 
Section Property 
A=4080 mm
2
 rx=124.46 mm 
J=86500 mm
4
 ry= 32.914 mm 
E=200000.000 MPa Sx=424161.074 mm
4
 
Ix= 63200000 mm
4
 Sy=59328.96 mm
4
 
Iy= 4420000 mm
4
 Zx=475000 mm
3
 
Iw= 92930500000 mm
6
 Zy =91800 mm
3
 
Fy=320.000 MPa Av3=1986.67 mm
2
 
Fu=440.000 MPa Av2=1639 mm
2
 
 
Check for axial tension capacity 
 
 (a) Tensile yielding: 
φt = 0.9 (For tensile yield) 
 
 
(b)Tensile rupture in net section  
φt = 0.75 (For rupture) 
 
 
 Thus tensile yielding is governing  
 
Check for axial compression capacity 
 
φc = 0.9 (For compression) 
 
 
where Fcr is the flexral buckling stress calculated as: 
 
Since 
 
320 4080 1305.6
0.9 1305.6 1175.04
n y g
t n
P F A
kN
P kN


 


 
440 4080 1795.2
0.75 1795.2 1615.68
n u e
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
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
 
 
33.5 4080 136.68
0.9 136.68 123
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 
  
 
2 2
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3.14 200000
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Thus 
 
 
Check for shear capacity 
Major axis 
φv = 1.0 (For shear in major axis for hot-rolled I-section) 
 
 
Minor axis 
φv = 0.9 (For shear in minor axis) 
 
 
Check for flexural strength 
 
Check for  
1. Yielding in major direction 
2. Yielding in minor direction 
2. Flexural-torsional buckling 
 
1. Yielding  
Major direction 
 
  
2. Minor direction 
 
3. Flexural-torsional buckling 
Since beam is fully braced in lateral direction, thus flexural-torisonal buckling is not required to check. 
 
Stability check for axial force with biaxial moment: 
 
 
0.877 0.877 33.38 29.27cr eF F MPa  
2298 5.5 1639
0.6 0.6 320 1639 1.0 314.688
1.0 314.688 314.688
W w
n y W v
v n
A dt mm
V F A C kN
V kN


   
    
  
22 2 149 8 2384
0.6 0.6 320 2384 1.0 457.73
0.9 457.73 411.96
W f f
n y W v
v n
A b t mm
V F A C kN
V kN
    
     
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*
47500320
0.9 152 13
2
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15
nx p y x
nx x
kNm
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
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

*
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0.9 29.376 26.4
2 .376
38
9
ny p y y
ny y
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**
Since 0.2
1 8.726 117.5 0.523
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2 117.5 136.8 26.438
r
c
yxr
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Since the members comply with the strength safety checks, the member is deemed safe as per 
AISC360-10 Specification. 
 684 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
End of Appendices 
 
 
 
 
 
 
 
 
 
 
 
 
 
